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Abstract
The analysis of biomolecules, including proteins and DNA, is rapidly moving towards lab-on-a-chip devices
in an effort to minimize sample volume and sample loss. Pores with diameters in the tens of nanometers
range have gained significant attention recently through their use as single-molecule detectors and cur-
rent rectifiers. Such devices must be designed for specific targets and the use of single pores limits high
throughput applications. A membrane with adjustable properties in situ would provide a simple means
of performing biomolecular separations and sample pre-concentration in microfluidic devices. The goal
of this work is to fabricate a dynamic membrane that can be externally modulated and therefore tuned
for specific analytes by uniting traditional separation methods based on size-exclusion principles with
charge-based separations techniques. Gold serves as an attractive membrane material due to its high cor-
rosion resistance, facile surface modification, and inherent conductivity. In our approach, a simple 2-day
free-corrosion de-alloying procedure in concentrated nitric acid removes less noble metals (e.g. Cu, Ni,
Zn, Ag) from Au-containing alloys to form a three-dimensional nanoporous network with a very large
(4:2  0:8 m2 g 1) surface area density. The random orientation and small channel size of the network
nearly guarantees analyte interaction with the walls. Pore sizes of 50  20 nm, as measured by scanning
electron microscopy, have been attained, but adjusting de-alloying time, temperature, and pH are shown
to extend this range. As a model system of dynamic control, UV-visible detection of anionic and cationic
tracers transport across the nanoporous gold membrane has been monitored as a function of applied po-
tential.
Herein, surface area characterization of the bicontinuous porous structure with feature sizes on the
nanometer scale was performed using the well-known Brunauer-Emmett-Teller gas adsorption isotherm,
Pb underpotential deposition, and oxide stripping voltammetry. Gateable molecular and ionic transport
through NPG was obtained by dynamic electrochemical modulation of the electrical double layer (EDL)
within the pores. Application of a salt gradient across bare NPG was also used to impose an asymmetrical
EDL thickness, whereas NPG coated with self-assembled monolayers altered the surface charge through
the oxidation or reduction of surface moieties.
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Initial studies regarding protein and DNA transport through NPG have been performed. Lysozyme
(Lys), bovine serum albumin (BSA), and bovine hemoglobin (BHb) served as model proteins due to differ-
ences in their isoelectric points (Lys: 11.4, BHb: 6.8, BSA: 4.7). Lys was shown to have a much stronger
correlation to an applied transverse migration potential through the NPG, most likely due to its small
size (~14.3 kDa) compared to that of BSA (~66.4 kDa) and BHb (~64.5 kDa). DNA flux through NPG was
found to be entropically unfavored and therefore demonstrated much lower rates of transport. Finally, a
microfabrication route is proposed in order to scale the NPG membrane to a microfluidic device.
iii
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Chapter 1
Introduction
The rate at which molecules diffuse through nanometer-sized pores is dictated by surface interactions. As
the ratio of pore to analyte diameter decreases, the effects of sterics and surface charge increase.1,2 This
effect has been exploited for nanoparticle characterization and DNA sequencing in biological pores and
synthetic mimics, such as SiO2, SiN, and graphene.3–6 The ability to adjust nanopore surface functionality
for specific analytes suggests that such pores can also be used for molecular separations.7–9 The diame-
ter of the pore imparts size exclusion properties to the membrane, while the surface charge of the pore
can make the membrane anion- or cation-selective.10,11 Furthermore, dynamic modulation of the surface
functionality, through changes in solution pH or application of an external potential, allows for tunable
transport by reversing or even eliminating the charge-selective properties of the nanopore.12–15
Herein, a nanoporous gold (NPG) membrane is presented as a means to unite the size- and charge-
selective properties of nanopores for high-throughput separations. NPG is an attractive membrane material
due to its high pore density, biocompatibility, durability, inherent conductivity, and ease of modification
with surface functional groups.16–19 The goal of this project is to develop NPG membranes for ionic and
molecular separations and to leverage these membranes for biological applications.
This thesis is organized in such a way as to highlight the progression from the basics of nanopores
to the future of tunable, small-volume separations. Chapter 1 introduces a brief history of nanopores and
work thus far performed in the literature. Chapter 2 discusses the advantanges of nanoporous gold as a
membrane material, namely its ease of fabrication and modification. Chapter 3 explores the mathematical
concepts behind nanopores and how they translate to NPG. Chapter 4 demonstrates the dynamic tuning
of molecular transport through NPG using external stimuli. Chapter 5 applies the concepts of NPG surface
charge towards ionic control of molecule translocation. Finally, Chapter 6 brings a practical application
of biomolecular separations to NPG membranes with the intent of eventual incorporation in microfluidic
devices.
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1.1 Biological Nanopores
The earliest nanopore studies were focused primarily on transmembrane proteins. Such proteins carefully
maintain the intercellular environment at specific pH and ionic strength, even against large concentra-
tion gradients. The most commonly studied transmembrane protein is α-hemolysin (α-HL), the structure
of which is provided in Figure 1.1.20 This protein, secreted from Staphylococcus aureus before binding to
human and other mammalian cell membranes, permits the translocation of ions and small molecules, in-
cluding DNA and RNA oligomers.20–22 Due to its ability to self-assemble within lipid bilayers, it served as
an ideal model protein channel as it was trivial to prepare.23 Furthermore, it was noted that by polariz-
ing the different sides of an α-HL pore with an applied potential, molecular transport could be induced,
permitting the fine tuning of transmembrane transport.21
Figure 1.1: The asymmetric structure of α-HL. (a) Note the wider cap region and narrower stem. This
protein sits within a lipid bilayer to modulate transport through the cell membrane. (b) A top-down view
of α-HL. The interior pore has a diameter of 2.6 nm. From Song, L. et al. Structure of Staphylococcal α-
Hemolysin, a Heptameric Transmembrane Pore. Science 1996, 274, 1859–1865, DOI: 10.1126/science.
274.5294.1859. Reprinted with permission from AAAS.
The first report detailing characterization of oligomers as they passed through the α-HL pore was pub-
lished in 1996.24 It was noted that the current magnitude changed significantly, due to either occlusion
of the cross-sectional area by the molecule through which current passed or inclusion of counterions sur-
rounding the molecule, increasing the conductivity in the pore.25,26 Similar to the operating principles of a
Coulter counter, α-HL nanopores were used to quantify concentrations based purely on the frequency of
translocation events through the pore in a process known as resistive pulse sensing, shown schematically
in Figure 1.2. Additionally, the length or magnitude of the conductivity difference of the translocation
event, or “pulse”, could be quantified to calculate parameters including analyte size or structure.24,27
Since its introduction, α-HL has been transformative in the field of DNA sequencing. Due to its small
2
ti
Figure 1.2: Schematic representation of a spherical particle translocating through a nanopore with a sim-
ulated current over time curve illustrating the resistive pulse sensing technique.
diameter and biocompatibility, resistive pulse sensing through α-HL of DNA has not only provided sim-
ple detection capabilities, but has introduced a rapid, inexpensive form of DNA sequencing. Miniscule
differences between the individual bases of DNA strands are much more discernible in the nanoscale size
regime, eliminating the previously used labor-intensive amplification steps prone to human error.26,28,29
With recent commercialization by Oxford Nanopore Technologies, numerous advancements in nanopore
sequencing, including the use of different membrane proteins to improve DNA translocation, have demon-
strated accurate sequencing reads of tens of thousands of bases.30
In order to use the α-HL pore, it must be suspended in a lipid bilayer membrane, as shown in Figure
1.3. Often, this involves affixing a lipid bilayer to a silicon substrate with a larger pore for sandwiching
between two reservoirs or across a glass capillary tube that is then filled with one solution and immersed
in another.23,24,31 This provides a fairly native environment for the membrane protein at the expense of
possible stability issues of the bilayer.23
Figure 1.3: Illustration of single-stranded DNA, α-HL channel, and lipid bilayer supported on a glass
nanopore membrane. Reprinted with permission from Kawano, R. et al. Controlling the Translocation
of Single-Stranded DNA through α-Hemolysin Ion Channels Using Viscosity. Langmuir 2008, 25, 1233–
1237, DOI: 10.1021/la803556p. Copyright © 2009 American Chemical Society.
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1.2 Synthetic Nanopores
Synthetic nanopores, prepared from materials including SiO2,32 SiN,33 polyethylene terephthalate (PET),34
and graphene,35 have been explored as an alternative to the lipid bilayer-supported α-HL. One of the most
common and simplest approaches for fabricating nanopores involves milling the pore through the substrate
material using a transmission electron microscope (TEM).36 Increasing the milling time or electron beam
profile creates larger pores, but pore size can also be altered by submerging the pore in a basic solution, such
as NaOH, in order to etch the edges of the material over time.37 By exposing only one side of the membrane
to the basic solution, NaOH etching provided a simple method of producing geometrically asymmetrical
pores.
Provided the success of biological nanopores, various groups began to investigate the importance of
the geometrical asymmetry present across the α-HL pore. “Conical” nanopores present a narrow pore tip
and a wide base, as shown by the representative scanning electron micrograph in Figure 1.4. In addition to
the NaOH etching process, procedures including glass capillary pulling and focused ion beam milling have
been used to produce conical nanopores.2,32,38 A peculiar effect often observed when measuring current
through such geometrically asymmetrical pores is ion current rectification (ICR). Briefly, differences in the
electrostatic fields surrounding the pore base and mouth lead to a different measured current dependent
upon the applied potential polarity.15,37,39,40 The specifics of ICR will be discussed in further detail in Section
3.3. Conical, synthetic nanopores have been shown to be more than capable of mimicking their α-HL
counterparts in biosensing studies, permitting increased durability and stability of the nanopores with the
additional benefit of facile tunability.3,41
1.3 Gold-Coated Nanopores
The importance of the surface charge present in synthetic nanopores has been studied in detail.40,42 Because
the majority of synthetic nanopores are prepared with SiO2 or polymers, surface charge tuning efforts
largely depend upon alteration of the solution pH.13,43–45 Unfortunately, this limits the applications of
tunable nanopores to specific pH ranges, which can be especially troubling when attempting biomolecular
separations, due to stability of the analyte. Attempts to combat this issue generally include electrolessly
depositing Au on the pore surfaces. The first and most transformative study was performed by Martin
and coworkers, where they noted that ion selectivity could be induced by applying potentials directly to
the nanopore.11 Briefly, a polycarbonate membrane was electrolessly deposited with a thin layer of Au.
Altering the potential applied to the Au nanopore allowed for tuning of the ionic currents through the
4
Figure 1.4: (A) Schematic illustration of a PET membrane with conically shaped pores. Dimensions are
not to scale. Scanning electron micrographs of (B) the base opening of a pore in a PET membrane and
(C) a gold replica of a conical PET pore. Reprinted with permission from Wu, X. et al. An Alternating
Current Electroosmotic Pump Based on Conical Nanopore Membranes. ACS Nano Apr. 2016, DOI: 10.
1021/acsnano.6b00939. Copyright © 2016 American Chemical Society.
pores. Since this 1995 study, numerous other laboratories have examined direct electrochemical control of
pore surface charge.46–49 By introducing an electric potential across the narrow pore diameter, selective
external gating of chemicals of interest is possible.42,50,51
Electrochemical gating of nanopores was considered in the context of biomolecular separations by
Stroeve and coworkers.9,48,52 By using two similarly-sized, yet oppositely charged proteins, bovine serum
albumin (BSA) and bovine hemoglobin (BHg), they were able to show a preferred transport of BSA vs the
BHg due to the screening of the protein with a potential applied directly to the membrane. Such studies
form the underlying basis for the work presented in this thesis. Although electrochemical gating in single
nanopores or small arrays demonstrates selective transport, the practicality of such devices is limited due to
the low molecular throughput. Furthermore, the pore size strongly contributes to not only the electrostatic
effects of the pore interior, but also the size-exclusion properties of the membrane. A membrane combining
a large porosity, electrochemical selectivity, and a wide distribution of pore sizes is therefore required in
order to unite the desired size- and charge-selective properties into a single device.
1.4 Nanoporous Gold
As mentioned previously, NPG exhibits very attractive properties towards its use as a membrane material.
It combines the ease of surface charge tuning in gold-coated pores with a very high porosity and variable
pore size. NPG has historically been used as a decorative material as it dispays a rich, red color. In fact, it
was many years until the underlying structure that gave NPG its interesting aesthetics was discovered.53,54
5
The quickest method of preparing NPG involves rolling a gold and silver alloy to a few nanometers thick-
ness and then placing the resulting film on top of a concentrated nitric acid bath. Selective dissolution of
the less noble Ag has been shown to produce a bicontinuous, porous Au structure.55 This “free corrosion”
method works quite well to produce consistent geometries within a matter of minutes as this procedure
leaves NPG with a characteristic pore size that is intrinsic to the alloy composition, as explained in further
detail in Section 2.1.
The Stine group has extensively explored NPG as a capture substrate for various biomolecules.18,56 By
coating the high surface area NPG with antibodies, a large amount of protein could be extracted from a
solution flowing through the NPG. The tortuous geometry ensures that any material flowing through the
pores interacts iwth the surface. A subsequent rinse or application of a potential could then release the
captured material, suggesting its use as a drug delivery agent.57
In contrast, other groups had prevented biomolecules from flowing through NPG. Proteins that are
larger than the pore sizes are inhibited from translocation, thereby permitting purification of a mixture of
large proteins and small DNA strands during electrochemical analysis.58,59 Additionally, NPG has found
applications as a high surface area electrode for catalysis and fuel cells.60,61 Such methods highlight the
electrochemically accessible pore volume inside NPG, which is imperative for the proposed dynamically
tunable separations.
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Chapter 2
Fabrication, Functionalization, and
Characterization of Nanoporous Gold
Nanoporous gold (NPG), as prepared from an Au-containing alloy, follows a “spinodal decomposition”
mechanism whereby the less noble, sacrificial material is dissolved and the remaining Au reorganizes on the
surface to form stable Au islands.2 As the less noble metal is removed, the coordination sites surrounding
the exposed Au adatoms are left empty. This energetically unfavorable condition is only remedied through
the surface diffusion of the Au adatoms towards each other. As the de-alloying continues, the rate at
which the Au adatoms can cluster leads to a characteristic distance, λ, between the islands. Ultimately,
these islands will be undercut as new islands begin to form in the plane of the de-alloying front and a
bicontinuous structure with a fairly homogeneous ligament size distribution will remain.3 This process is
key to the versatility of NPG. The Au adatom diffusion can be controlled to tune the resulting characteristic
pore size distribution. In particular, altering the temperature or electrochemically altering the rate of de-
alloying are simple methods of controlling pore size.3–7
2.1 Free Corrosion De-alloying
One of the simplest protocols for producing NPG involves immersing an Au-containing alloy in a solu-
tion that specifically attacks the less noble metals, solvating the undesired material and leaving behind
a bicontinuous Au nanostructure. Adding to its simplicity, precursor alloys are often readily available
from jewelry companies and craft stores. Although a majority of the literature surrounding NPG considers
two-component AuAg alloys due to the similar lattice parameters of Ag and Au,8–12 Stine and coworkers
explored the use of 10 karat white (10KW) alloys from Hoover and Strong (North Chesterfield, VA) as NPG
precursors.8,13 The thinnest available alloys were 250 µm (30 GA) and contained a mixture of Au, Cu, Ni,
and Zn. The Stine group was primarily focused on protein capture and enzyme immobilization, which
This chapter contains previously published material, adapted with permission from McCurry, D. A.; Bailey, R. C. Nanoporous Gold
Membranes as Robust Constructs for Selectively Tunable Chemical Transport. Journal of Physical Chemistry 2016, DOI: 10.1021/
acs.jpcc.6b02759. Copyright © 2016, American Chemical Society.
Yurun Miao, from the Suslick laboratory, is acknowledged for performing the Brunauer-Emmett-Teller isotherm measurements and
analysis.
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required a very high surface area and the ability to access much of the interior of the NPG monolith.8,14
Such monoliths were therefore ideal for our own studies in tunable molecular transport through NPG.
(a) (b)
(c) (d)
Figure 2.1: Scanning electron micrograph of (a) the NPG surface, (b) stress corrosion cracking at the NPG
surface, (c) a high magnification BIB cross-section of the NPG, and (d) a BIB cross section of the entire NPG
thickness. The dark gray areas at the edges of (d) are lacquer that was used affix the NPG to a gold contact
in some early experiments.
Herein, the 10KW monoliths were cut into 0.2 in. by 0.2 in. squares using a wire saw. The diced alloy
pieces were immersed for up to 48 hours in concentrated HNO3 with replacement of the HNO3 bath at
24 hours to produce NPG. Such a long time period was required for the 250 µm monoliths, as the HNO3
must travel an increasingly longer distance as the porosity develops to continue the de-alloying front. The
NPG monoliths were rinsed well with ultrapure (18:2 MΩ cm) water prior to use. Representative scanning
electron micrographs of the resulting NPG are provided in Figure 2.1. A Hitachi S-4700 field emission gun
scanning electron microscope (SEM) was used to image the NPG in ultra-high resolution mode at a working
distance of 6 mm both before and after transport experiments, using accelerating voltages between 15 kV
to 25 kV and an extracting current of 10 µA. Figure 2.1a shows the surface of a typical NPG sample with
the developed nanoporosity. A lower magnification image of the surface is provided in Figure 2.1b, where
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large microscale cracks can be observed. Stress corrosion cracking is a common effect in free corrosion
de-alloying that results from the buildup of excess stress on the surface of the material.15 These cracks did
not appear to span the entire thickness of the NPG monolith, as evidenced by Figure 2.1d and the pore
conductivity experiments performed in Section 3.1.
Cross-sectional images (Figure 2.1c-d) were taken using the SEM by embedding the NPG in an epoxy
resin, followed by mechanical polishing at 2000 grit, and ultimately flat-milling with a Hitachi Ion Milling
System IM4000 set to an 80° milling angle with 3 mm eccentricity. The sample was milled at 25 RPM for
45 min with accelerating and discharge voltages set to 5 kV and 1:5 kV, respectively. The nanoporosity was
shown to extend throughout the entire monolith.
ImageJ image processing software was used to analyze the pore size distribution in the NPG mem-
branes.16 To maintain consistency between all samples, the micrographs were taken at 30 kV in ultra high
resolution mode on a Hitachi S-4700 SEM with a working distance of 6 mm and magnification of 30,000X.
The micrograph (Figure 2.2a) was converted to a binary, black and white image using the ISODATA (It-
erative Self-Organizing Data Analysis Technique) thresholding algorithm (Figure 2.2b). The particle size
analysis tool was then used where the black areas (pores) were considered particles. The ImageJ software
automatically calculated the areas of the pores (Figure 2.2c), ignoring those pores on the edges of the mi-
crograph. Each pore size could then be mapped on a histogram to determine the pore size distribution, as
shown in Figure 2.2d. For free corrosion de-alloying of the NPG monoliths, median pore sizes of 50  20 nm
were obtained.
It is important to note, however, that the automatic pore size determination often overestimated pore
sizes, since it assumed that the pore area related to perfectly circular pores. The aspect ratio of the pores
varied and was more often than not, far from 1:1, meaning that the dimension in the x direction was much
larger than that in the y. Manually measuring the distances between the ligaments provided constrictions
as low as 10 nm and as high as 60 nm. While the values obtained using the automated method overestimated
pore diameter, they served as an important metric for comparison between NPG samples.
2.1.1 Material Composition
To confirm the complete de-alloying of the 10KW Au, the elemental composition of the NPG was deter-
mined through electron dispersive X-ray spectroscopy (EDX). A LinkISIS EDX spectrometer was coupled to
the Hitachi S-4700 SEM used in the present study and allowed for simultaneous imaging and composition
analysis. Figure 2.3 shows the EDX spectrum for both the precursor alloy and the NPG post immersion in
concentrated HNO3 taken at a working distance of 12 mm in analysis mode. After 48 hours of de-alloying,
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Figure 2.2: NPG pore size was determined using ImageJ. (a) Original SEM image of NPG. (b) ISODATA
thresholding of NPG image. The black areas are pores and the white areas are ligaments. (c) Automated
particle size analysis. The blue regions are assumed to be pores. Pore radii were then calculated from the
individual blue areas, assuming circular pores. (d) Pore size distribution of NPG as determined by ImageJ
analysis. The pore sizes were roughly 50  20 nm.
the only detectable element was Au.
(a) (b)
Figure 2.3: EDX spectrum for (a) a precursor 10KW alloy from Hoover and Strong and (b) a de-alloyed
NPG sample.
The 2-day de-alloying time was specified in the literature to ensure complete de-alloying.8 A more
thorough, time-dependent compositional analysis was performed by immersing the alloy in concentrated
HNO3 for only a few hours at a time and subsequently dissolving the entire sample in aqua regia. The
resulting solution was then analyzed using inductively coupled plasma optical emission spectroscopy (ICP-
OES). As shown in Figure 2.4, the sample was nearly fully de-alloyed after 24 hours. This did not take into
consideration the time required for full Au adatom diffusion, however, so a 2-day de-alloying protocol was
still followed for consistent NPG structure.
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Figure 2.4: Elemental composition of the 10KW alloy sample over time by (a) mass and (b) mass percentage.
The sample had no measurable amount of other elements after 24 hours.
2.2 Modification of NPG Pore Size
2.2.1 De-Alloying Bath Parameter Tuning
Pore sizes ranging between 30 nm to 70 nm have been obtained in our lab by altering the rate of the coars-
ening step through adjustments to the time, temperature, and pH of the de-alloying bath. As the coarsening
step proceeds even after de-alloying is complete, thermally annealing NPG can also be used to tune pore
sizes.5,17 An exhaustive comparison was performed in Figure 2.5 where de-alloying bath temperature and
de-alloying time of AgAu leaf was compared. The pore size overall increased as bath temperature increased
due to the increased energy available for Au adatom diffusion. For the time-dependent de-alloying, shorter
times were associated with a decreased average pore diameter, but a pore diameter maximum of ~60 nm
was obtained, consistent with the characteristic length scale, λ, discussed vide supra. While no composi-
tional analysis of the Au leaf was performed, it was expected that the smaller pore sizes in Figure 2.5b were
not completely de-alloyed.
2.2.2 Post De-Alloy Thermal Annealing
For separation of larger biomolecules and nanoparticles, larger pore sizes than the as-prepared 50 nm were
desired. Numerous reports have detailed the effects of thermal annealing on NPG.5,17,18 Heat treatment
induces a coarsening effect of the NPG whereby surface Au diffuses into the ligaments and causes an
increase in pore size. Figure 2.6 shows pore sizes between 50 nm to 100 nm after annealing the NPG at
various temperatures under N2 gas. N2 process gas was used in order to prevent oxide formation on the
Au surface.
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Figure 2.5: (a) 100 nm thick NPG leaf floated on HNO3 baths (a) of different temperatures for 1 hour and (b)
for different amounts of time at 25 C. Higher temperature de-alloying baths and de-alloying for at most 5
hours created larger pores. 60 nm appeared to be the maximum pore size for time-dependent de-alloying.
Insets show the SEM images of the samples used for analysis.
Figure 2.6d shows cyclic voltammograms in 0:5 m H2SO4 at a scan rate of 100 mVs 1 of both an as-
prepared (non-annealed) and annealed NPG sample. Integration of the reduction peak between +1 V and
+0:2 V provided the surface area of the NPG samples.19. The surface area of the sample annealed at 400 C
was determined to be one third the surface area of the as-prepared sample, consistent with a pore size
increase.
2.2.3 Surface Limited Redox Replacement
Efforts in our group also focused on decreasing the average pore diameter. As many of the synthetic
nanopores and even the α-HL nanopore were between the 1 nm to 10 nm diameter regime,20–22 we were
curious as to whether smaller NPG pores would demonstrate more pronounced effects. A smaller pore
diameter would indicate that electrical double layer overlap could occur at higher concentrations. Because
NPG is conductive, electrochemically depositing more Au on the surface was assumed to be the simplest
approach in decreasing pore size. Previous efforts on developing smaller Au nanopores either used longer
electroless deposition times.23 Other groups had even examined the creation of bimodal distributions of
pores in NPG through further gas phase deposition of an alloy within the NPG.24
Poising the potential of the NPG at a sufficiently reductive potential to plate Au, however, would not
drive deposition uniformly across the entire NPG surface. Diffusion through the tortuous network would
cause limited deposition within the pore interior and instead, significant bulk deposition on the exterior,
possibly occluding the pores completely. Surface limited redox replacement (SLRR) provides an alterna-
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Figure 2.6: NPG annealed at (a) 200 C, (b) 300 C, and (c) 400 C. (d) Cyclic voltammetry at 100 mVs 1 in
H2SO4 of NPG before (as-prepared) and after de-alloying for 1 hr at 400 C. The surface area density was
3-fold lower after de-alloying.
tive electrodeposition method by following a layer-by-layer approach.25–27 SLRR borrows concepts from
underpotential deposition, but adds another step after the sacrificial monolayer has formed; the applied
potential is released after monolayer formation and the sacrificial layer is galvanically displaced by the
desired metal.
A 3 mm lead (II) perchlorate, 0:1 m sodium perchlorate, 0:01 m perchloric acid, and 0:520 mm sodium
tetrachloroaurate solution was purged with ultra high purity (UHP) N2 gas for at least 1 hr. A Pt wire
counter electrode was cleaned in a 1:1 (v⁄v) HNO3:H2O solution at 50 C followed by flame annealing to
red hot. A Hg/Hg2SO4 reference electrode (MSE) was held in a glass salt bridge containing 0:1 m sodium
perchlorate to prevent contamination of the electrode. During the deposition process, a UHP N2 gas blanket
protected the solution from O2 dissolution. When -0.75 V vs. MSE was applied to the NPG using the Pine
AFCBP1 with custom LabVIEW software (Figure B.5), a monolayer of Pb formed on the NPG surface. In
this case, the potential was only applied for 10 s prior to switching the potentiostat to open circuit mode.
This had the effect of disconnecting the counter electrode and allowing measurement of the open circuit
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potential (OCP). As shown in Figure 2.7a, the OCP decayed towards -0.37 V, indicating replacment of the
Pb monolayer with Au (OCP measured prior to the experiment was at -0.35 V). This process was repeated,
assuming that each cycle, or replacement, corresponded to the growth of an additional Au monolayer.
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Figure 2.7: (a) Measured potential at NPG. The flat region at -0.75 V is the applied potential. When the
circuit was switched to OCP, the measured potential decayed towards -0.37 V. (b) Length of time required
to meet the desired OCP before another replacement was performed. As the replacement number grew, it
required less time to form a monolayer.
Figure 2.7b shows the time required before the appropriate OCP was obtained before switching back
to the applied potential. As the number of replacements increased, it appeared that the time required for
each replacement decreased. This could be an indication of a decreased surface area as the pores decreased
in size. After a total of 18 replacements, the NPG sample appeared black. The NPG with Au growth was
subjected to SEM analysis, as shown in Figure 2.8, in order to determine the extent of the Au growth.
Clearly, Au has been deposited on the surface, although it most likely did not occur with exact monolayer
replacement. Figure 2.8b shows a region where there appeared to be significant 3-dimensional growth.
Figure 2.8c shows the sharp edges of Au compared to the smooth ligaments observed in Figure 2.1. Au-
by-Pb SLRR may have preferential growth on certain crystal faces of the Au, leading to such a geometry.
Future analysis using X-ray diffraction may provide further insight as to whether one face is preferred over
others.
As will be discussed in Section 2.3.2, the time allowed for each Pb monolayer to grow may not have been
sufficient for complete formation.28 This not only prevented the interior pores from being coated by more
Au, but most likely also contributed to the increased 3D growth (Figure 2.8b) from sites of increased Pb
nucleation. Furthermore, due to the preferential adsorption of Pb to certain crystal facets of Au, incomplete
formation of a monolayer may also be a contributing factor to the sharp geometry shown in Figure 2.8c.25,29
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Figure 2.8: (a) Low magnification SEM image of NPG after surface limited redox replacement. The deposit,
overall, appeared very nonuniform. (b) A magnified image showing a region of increased bulk deposition.
(c) An even higher magnified image, showing the resulting geometry of the ligaments. There appeared to
be much sharper edges present compared to the smooth ligaments of as-prepared NPG.
2.2.4 Bipolar Growth of NPG
Bipolar electrodes are unique in that they do not require direct attachment to a potentiostat; rather, bipolar
electrodes are free-standing metallic interfaces across which a transverse electric field applied tangential
to the surface induces a different metal/electrolyte interface potential at either end of the electrode.30 Due
to the high conductivity of metal compared to the surrounding solution, the potential of the metal interface
is maintained at a constant value everywhere on its surface. When a transverse electric field is applied,
the solution potential at one end of the bipolar electrode is significantly different than the potential at the
other end.
Bipolar electrodes have found practical use in applications including multiplexible bioarrays,31 rapid
electrocatalyst prototyping,32 and even fabrication of Janus particles.33 Of particular interest to the present
study is the introduction of dendritic growth at bipolar electrodes.34 When a sufficiently large potential is
applied across the driving electrodes, the bipolar electrode can simultaneously dissolve while plating the
dissolved material on its opposite pole. In Figure 2.9, the NPG was sandwiched between two reservoirs as
200 V was applied to two external Pt electrodes. Very rough spherical growth occurred only on one side
of the NPG membrane, suggesting that Au was redeposited in the presence of the electric field.
An interesting and unintentional side effect of the high 200 V transverse potential is shown in Figure
2.10. While the potential was applied, the solution volume in each reservoir changed significantly. At
the positive electrode, the volume (V) decreased and at the negative electrode, the volume increased. As
will be discussed in Chapter 3, the NPG is negatively charged in a Cl– containing solution. In the narrow
pores, the EDL prohibits significant anion migration and therefore there is an increased flux of cations
towards the negative electrode. This increase in overall ionic strength of the reservoir presents a very
large osmotic pressure difference and subsequently pulls a large volume of solvent across the pores to
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(a) (b)
Figure 2.9: Bipolar growth of NPG at (a) low and (b) high magnification. Rough spheres seemed to grow
only on one side of the NPG, corresponding to deposition on the more reductive face.
maintain equilibrium.
Figure 2.10: Application of 200 V across Pt driving electrodes surrounding a NPG membrane (sealed inside
PTFE assembly).
2.3 Surface Area Characterization of NPG
2.3.1 Brunauer-Emmett-Teller Isotherm
The Brunauer-Emmett-Teller isotherm (BET) is the “gold standard” method of determining surface area of
materials.5,19,28 Briefly, surface area is determined by quantifying the gas adsorption to the surface. The
study is initiated by thoroughly drying the material in vacuum to ensure that there is no water or prior
gas adsorption to the sample. After full evacuation, an analysis gas, often N2 is bled into the chamber.
The pressure of the chamber is recorded along with the amount of gas allowed in to the chamber and any
discrepancies can be attributed to N2 adsorption to the sample surface. NPG was outgassed for 10 hr at
130 C prior to BET analysis. N2 analysis gas was used during the 205 min run, presented in Figure 2.11.
The steady rise and slight hysteresis of the isotherm presented in Figure 2.11 is due to the porosity of
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Figure 2.11: A BET gas adsorption isotherm of NPG. The process gas was N2.
NPG. The shape of the curve is similar to other NPG studies, demonstrating characteristics of macroporous
solids.5 BET analysis provided a surface area of 2:74 m2 g 1. After the process was complete, the NPG
samples were much more yellow in color compared to their original deep red. Provided the raised temper-
ature during the outgassing procedure, it was reasonable to suspect that the NPG may have been annealed
slightly.19,28 SEM images of the NPG after BET analysis is provided in Figure 2.12, where it appears that
the pores are slightly larger than observed in Figure 2.1a.
(a) (b)
Figure 2.12: (a) Low and (b) high magnification SEM images of NPG after being subjected to BET analysis.
Pore size analysis provided average pore sizes of 64  5 nm.
Although BET is generally considered a non-destructive technique, the NPG nanoporosity seemed to
be too sensitive to the heating step of the outgassing procedure.28 Additionally, a minimum surface area
is required for accurate BET analysis, so multiple NPG monoliths were required for a single experiment.
Alternative means of determining surface area were therefore imperative to the present study. A popular
approach, underpotential deposition (UPD), is the electrochemical formation of a sacrificial monolayer on
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the surface of the material. Integration of the current provides the charge passed during the deposition
and stripping of the layer, allowing a relation to the material surface area in a non-destructive and sample
size independent manner.19,28
2.3.2 Pb Underpotential Deposition
At potentials more negative than 0 V vs a Pb wire (Pb/Pb2+) pseudoreference electrode, bulk electrode-
position of Pb will occur. By poising the potential slightly more positive to this value, however, a single
monolayer can be grown on the surface of Au due to the free energy available at the surface contributing
to the Pb deposition overpotential.25,28,29 Using a solution of 18:2 mm lead (II) perchlorate, 0:1 m sodium
perchlorate, and 0:01 m perchloric acid, a monolayer of Pb was reversibly deposited on an Au substrate,
as shown in Figure 2.13. A Pb wire (Pb/Pb2+) was used as the reference electrode and a Pt wire was used
as the counter electrode. Multiple peaks are visible due to the preferential adsorption of Pb2+ at Au(111),
Au(110), or Au(100) depending on the applied potential.28
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Figure 2.13: Pb UPD on a 2 mm (Area = 0:0314 cm2) Au disk electrode at various scan rates. Note the
multiple reversible peaks corresponding to Pb deposition on the different crystal faces of Au.
For the porous NPG sample, diffusion to the interior pores requires a significant amount of time.27,28 In
fact, 18:2 mm PbClO4 was used instead of the usual 3 mm PbClO4 in order to decrease the amount of time
required for complete monolayer fomration. Despite this concentration increase, cyclic voltammetry in the
Pb UPD solution of NPG never seemed to provide sufficient time for full monolayer coverage as evidenced
by very broad peaks. Chronoamperometric UPD was therefore performed where the potential was held at
the oxidative (+0.650 V) and reductive (+0.120 V) limits in order to ensure full monolayer formation.27,28
Traces of the current and charge obtained over time are provided in Figure 2.14.
Noting that the charge relation to surface area for Pb UPD, as determined via comparison to the ge-
ometrical area of flat Au, is 260 µCcm 2,29 surface areas of 5:4  0:4 m2 g 1 were obtained. Although this
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Figure 2.14: (a) Chronoamperometric deposition of a Pb monolayer at +0.120 V vs Pb/Pb2+. (b) Stripping of
the resulting Pb monolayer at +0.650 V vs Pb/Pb2+. A factor of 260 µCcm 2 was used to relate the charge
to surface area.
is much larger than the surface area calculated via BET, it is well in agreement with previous reports of
4 m2 g 1 to 10 m2 g 1 for NPG surface area density.8 Surface area analysis of NPG using Pb UPD was very
time intensive, however, as shown in Figure 2.14a. Over 2 hours were required to ensure complete for-
mation of a Pb monolayer. Rouya and coworkers compared Cu UPD with H2SO4 cycling, and found no
significant difference between the two methods for Au surface area measurement, suggesting that this new
method may be a viable alternative.19
2.3.3 Oxide Stripping Voltammetry
Rather than the formation of a sacrificial monolayer on the Au surface, the Au can be oxidized followed
by stripping of the formed oxide layer. Integration of the cathodic stripping peak of the formed oxide
layer provides an estimate of the surface area.19 The NPG was immersed in 0.5 m H2SO4 for electrochem-
ical surface area characterization in a 3-electrode configuration. A Pt gauze counter electrode (CE) was
cleaned in 1:1 HNO3:H2O (v⁄v) at 50 C followed by a flame anneal with a propane torch to “red hot.” A
mercury-mercurous sulfate electrode (MSE, CH Instruments) served as the reference (REF). The NPG was
electrochemically polished by cycling between -0.6 V and +1.1 V vs MSE at 1 Vs 1 for 500 cycles using a Pine
AFCBP1 potentiostat.35,36 Any bubbles on the surface were removed by withdrawing and re-submerging
the NPG. Surface characterization was then performed by running 1 cycle at 5 mVs 1 between +0.2 V and
+1 V followed by 3 chronoamperometric cycles performed by fixing the potential at the upper and lower
limits until the change in current was equal to 0 As 1. Similar to the Pb UPD chronoamperometric steps,
this was required to ensure complete oxide layer formation. Typical results for this procedure are provided
in Figure 2.15. Compared to the Pb UPD surface area determination, oxidation of NPG in H2SO4 required
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under 30 s for full oxide layer formation. After electrochemical characterization, the samples were rinsed
well with and stored in ultrapure (18:2 MΩ cm) water until use.
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Figure 2.15: (a) Electropolishing of an NPG sample in 0.5 m H2SO4 at 1 Vs 1. (b) Cyclic voltammogram of
an NPG sample in 0:5 m H2SO4 at 5 mVs 1. (c) Chronoamperometry of an NPG sample in 0.5 m H2SO4. A
potential of +1 V formed a surface oxide layer on the NPG. The current is displayed in the top panel and
charge in the lower panel. (d) Subsequent chronoamperometric reduction at +0.2 V allowed for integration
of current and conversion to surface area density. Current is displayed in the top panel and charge is
displayed in the bottom panel.
For de-alloyed NPG without any further modifications, a surface area density of 4:2  0:8 m2 g 1 is
obtained. The free corrosion mechanism involves two simultaneous processes: dissolution of the less
noble metals at the de-alloying front and coarsening of the Au ligaments through Au adatom diffusion.37
As the less noble elements are dissolved, the remaining Au adatoms are coordinated only in one dimension,
leading to a very high energy state. The Au adatoms therefore travel along the surface of the Au to increase
their coordination number and decrease energy. The rate of diffusion influences the characteristic distance,
λ, which translates to the NPG ligament and pore size. The coarsening process does not end as soon as the
sample is removed from the HNO3, however. The SA of various NPG samples were tracked as a function of
days since their original de-alloying date. As shown in Figure 2.16a, the surface area appears to decrease
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to a final value of roughly 2:5 m2 g 1. This is much more consistent with the SA value obtained via the BET
isotherm, suggesting that the heating step of the isotherm accelerated the coarsening procedure. Figure
2.16b indicates that the NPG coarsening is strongly dependent on storage conditions. Coordination of the
Au adatoms with solvent may aid in reducing the barrier energy required for surface diffusion.
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Figure 2.16: (a) Surface area density measurements of NPG samples stored in 18:2 MΩ m water over time.
(b) Comparison of NPG sample surface area density when stored in water, in ethanol, or dry.
2.4 Self-Assembled Monolayer Functionalization of NPG
In order to protect the NPG surface from biofouling as well as impart specific surface functionality to the
NPG, modification of the Au surface is necessary. Self assembly of organic monolayers on Au substrates is
a very well known phenomenon, and has been used in such applications as nanoparticle stabilization,38,39
biomolecular capture,40,41 hydrophobic tuning,42,43 and nanopore gating.44,45 A linear alkanethiol is com-
monly chosen as the affinity of the sulfur to the Au surface causes spontaneous adsorption. The Au-S bond
is very stable, with desorption energies ranging from 15 kcalmol 1 to 20 kcalmol 1.46 The self-assembled
monolayers (SAMs) therefore do not readily leave the Au surface, often requiring mechanical removal,
photooxidation, or electrochemical reduction in order to clean the Au.46 SAMs provide very useful means
of introducing chemical selectivity to our NPG membranes. Figure 2.17 shows a schematic of both the
pH-sensitive SAMs and electroactive SAM used in Chapter 4. By simply adjusting the pH, the NPG sur-
face charge could be tuned from positive for the amine (-NH2 → -NH +3 ) to negative for the carboxylic
acid (-COOH → -COO– ) in Figure 2.17a. Electrochemical modulation of surface charge was attained by
oxidizing the ferrocene-terminated thiols of Figure 2.17b.
SAMs self-organize in order to stabilize via van der Waals forces and therefore pack very tightly on the
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Figure 2.17: A schematic of charge control of the Au surface via (a) solution pH and (b) electrochemistry.
Au surface.46 The time allowed for thiol functionalization therefore determines the quality of the SAM, with
longer times permitting greater self-organization. For very rough surfaces, however, the irregular geom-
etry may lead to significant defects in the SAM or even decreased stability of the monolayer.47 Therefore,
Cl– contaminants or other non-specific adsorption to the NPG surface may lead to a diminished ability
to tune transport. A recent report, however, discussed the quality of SAMs on NPG substrates.48 It was
noted that the 50 nm NPG ligaments were large enough on an atomic level to mimic a flat surface from a
self-assembly standpoint. This provides further confidence that the facile surface modification of NPG can
provide a means of tunable transport.
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Chapter 3
Theoretical Basis
There has been a significant amount of theoretical research performed in the field of nanopores. The
nanoscale geometry, with sizes on the order of the electrical double layer (EDL), introduces numerous
complications that are often not considered on the macroscale. Specifically, the charge present at the
pore surfaces have the capability of altering the ionic environment in the entire pore volume.1 Similarly,
molecules translocating through the pores have the ability to shuttle counter-ions across the pore, leading
to a large shift in local conductivity during translocation.2 This provides the theoretical basis behind the
most common application of nanopores currently, resistive pulse sensing.
Nanoporous gold (NPG) presents a complex scenario for nanofluidic transport. Whereas the length
scale of the pore diameter is on the order of commonly studied nanopores, the intricate interior geometry
provides a high tortuosity not often considered. In the current chapter, factors affecting transport and the
results of molecular flux through NPG simulations will be discussed.
3.1 The Electrical Double Layer
Surfaces in contact with an aqueous solution often present a charge excess either due to a reaction at
the surface, ionizable moieties, or specifically adsorbed ions. NPG is no exception to this rule, as it is
well known that Cl– ions will spontaneously adsorb to Au surfaces.3 The charge difference between the
surface and the solution generates a potential difference that decays outwardly from the surface as free
counterions orient themselves in order to neutralize the surface charge. The rate of decay from the surface
is summarized by the Poisson equation:4
 ϵϵ0r2φ =
nX
i=1
Fzici (3.1)
where ϵϵ0 is the permittivity of the fluid, φ is the electric potential, F is the Faraday constant, zi is the
valence if species i , and ci is the concentration of species i . The distribution of species i can then be
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described by the Boltzmann equation:4
ci = c
0
i exp
 
  zi Fφ
RT
!
(3.2)
where c0i is the bulk concentration of species i and R is the universal gas constant. Equation 3.2 suggests
that the cation (anion) concentration at positive (negative) φ is much smaller than the concentration in the
bulk, c0i . Qualitatively, positive (negative) surface potentials repel cations (anions) leading to a decreased
concentration of co-ions and increased concentration of counterions nearer to the surface.
The negative surface charge on Au arising from the spontaneous adsorption of Cl– anions in solution
causes local cation enrichment and anion exclusion in the solution volume immediately adjacent to the
Au surface. This region, referred to as the electrical double layer (EDL), has a thickness inversely related
to the ionic strength of the solution. For a binary z:z electrolyte, the thickness, or Debye length, κ 1, is
represented by the following equation:5
κ 1 =
s
ϵϵ0kT
2cNAz2e2
(3.3)
where c is concentration, NA is Avogadro’s number, z is the charge of the ions, e is the elementary charge,
ϵϵ0 is the permittivity of the medium, k is Boltzmann’s constant, and T is temperature. The ionic strength
dependence arises from an electroneutrality argument; greater ionic strengths will supply more counte-
rions to the EDL, allowing the potential from the surface to decay more quickly. From Equation 3.3, the
EDL thickness can be estimated to be on the order of a few tens of nanometers, which, in the confines of
a nanopore with sizes on the order of the EDL, can have significant effects on the chemical environment
within the pores.
This effect is schematically represented in Figure 3.1. The EDL is shown in blue (not to scale) within a
representative cross-section of NPG. When the EDL is small compared to the pore radius (rpore  κ  1),
both cations and anions are free to exist within the pore volume. However, when the EDL thickness is on
the order of the pore radius (rpore κ  1), anions are excluded from the pore volume. Figure 3.2 plots the
relationship between thickness and concentration for KCl at 25 C. The EDL is very thin at high salt con-
centrations and has a negligible impact on the potential profile across the nanopore; at low ionic strengths,
however, the EDL can span across the entire pore diameter, as shown by the dashed line demarcating
the NPG pore radii as determined via SEM in Section 2.1. At the point of intersection, the electrostatic
environment within the pore is defined solely by the NPG surface charge.6 As the salt concentration in
the bulk solution is decreased, a minimum counterion concentration exists within the pores to neutralize
33
excess surface charge.1 The conductance through the pore is therefore fixed at a minimum value where
further decreasing the bulk KCl concentration will not affect conductivity. For a single cylindrical pore,
the relation between conductivity at low electrolyte concentrations, where the EDL dominates, and high
electrolyte concentrations, where the concentration of KCl in the pore is equal to that of the bulk solution
is provided in the following equation:1,7
Gpore =
pi
4
d2pore
Lpore
 
(µ+ + µ )ne|           {z           }
bulk
+ µ+
4σ
dpore|   {z   }
interior
!
(3.4)
whereGpore is the conductivity, dpore is the pore diameter, Lpore is the length of the pore, µ is the mobility
of either the anion (-) or cation (+), n is the number density of ion pairs, e is the elementary charge, and
σ is the surface charge density. The first term relates the bulk conductivity to the concentration of KCl
and the access resistance of the pore. The second term is independent of concentration, but introduces the
contribution of pore surface charge. Smeets et al. have shown experimentally that nanopores separating
two reservoirs can alter the measured conductivity, due to access resistance of the pores and electrostatic
contributions of the EDL within the pores.1
κ 1 < 0.1 nm
rpore  κ  1
κ 1 > 0.1 nm
rpore  κ  1
Figure 3.1: At high ionic strengths, the EDL (blue) is small and both anions (-) and cations (+) are free to
exist within the NPG (left). At higher ionic strengths, the EDL grows to fill nearly the entire pore volume,
excluding anions from the NPG (right).
The pi4d2pore of Equation 3.4 arises from a geometrical correction to conductivity by assuming that the
cross-sectional area of a single pore, A = pi

d
2
2, is the only conductive pathway. In the case of NPG,
however, the pore area is equal to the sum of all pores on the exposed face. Since the pores are stacked
in the LNPG direction (i.e., the NPG thickness), the 3-dimensional network also contributes to the overall
conductivity. The NPG can therefore be considered as a series of parallel circuits that sum to the overall
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Figure 3.2: (a) Current vs applied E across the NPG membrane for various concentrations. A linear
response was observed for all ionic strengths considered. (b) Through-pore conductivity, G, of NPG ()
Conductivity was calculated as the inverse of the slope of the i-V curve in (a) according to Ohm’s law
(E = iR and R = 1/G). A fit to Equation 3.5 is provided in blue. The electrical double layer thickness,
κ 1, as calculated from Equation 3.3 is also shown in orange. Note that the conductivity trends towards
a constant value where the EDL thickness approaches the estimated NPG pore radius (as determined in
Section 2.1).
conductivity of the system, where the conductivity of pores in a single layer of NPG is represented by
Gparallel and the conductivity of all layers is represented byGseries. Thus, the conductivity through NPG can
be calculated as
Gparallel =
X
Gpore (3.5a)
= ϵpAfaceGpore (3.5b)
where Aface is the exposed, geometrical surface area of the broad face of the NPG and ϵp is the porosity
(i.e., ratio of void space to Au volume). Following Ohm’s law for series conductance,
1
Gseries
=
X 1
Gparallel
(3.5c)
= ϵpLNPG
 
1
ϵpAfaceGpore
!
(3.5d)
the conductivity equation for the entire NPG monolith is then obtained as
GNPG = Gseries =
Aface
LNPG
Gpore (3.5e)
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with LNPG representing the NPG thickness and assuming Lpore = dpore due to the average uniform pore
size in all directions,
GNPG =
Aface
LNPG
pi
4
dpore
 
(µ+ + µ )ne + µ+
4σ
dpore
!
(3.5f)
Using Equation 3.5 and the following assumptions:*
µ+ = µK+ = 7:62  10 8m2 S C 1
µ  = µCl  = 7:91  10 8m2 S C 1
LNPG = 250  10 6m
dpore = 50  10 9m
the NPG surface charge density was calculated to be  1:9  0:1 mCm 2, with an effective total pore area
of 20:7  0:6 µm2. The surface charge is negative, as expected for Au in a chloride-containing solution, and
is similar in magnitude to previous studies of Au with Cl– adsorption.3 This equation most likely greatly
oversimplifies the complex transport mechanisms inside the NPG, but the results serve as a useful starting
point for finite-element simulations.
Clearly, the EDL holds imporant implications for transport through nano-sized constrictions. Mod-
ulation of surface charge has been used in the prior studies in order to form nanoscale transistors and
diodes.6,9,10 In the present study, dynamic modulation of the nanopore wall surface charge was employed
in order to control the electrostatic properties of the EDL. This in turn permitted complete control over the
ionic environment within the pores and thus, direct tuning of transport through the NPG membrane.
3.2 Transport Equations for Molecular and Ionic Flux
The most common approach in analyzing transport through nanopores considers ionic flux of species i , ji ,
to be governed by the Nernst-Planck equation:11–14
ji =  Di
"
rci|{z}
diffusion
+
zie
kT
cirE|   {z   }
migration
#
+ ciu|{z}
convection
(3.6)
*The molar conductivities of the electrolytes used (K+ = 73:4810 4m2 S mol 1 andCl  = 76:3110 4m2 S mol 1) are providedin the CRC Chemical Handbook.8 In order to convert molar conductivity to ion mobilities, the following was used:  = F µ, where
F is Faraday’s constant.
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where u is the fluid velocity, ci is the concentration of species i , Di is the diffusion coefficient of species i ,
zi is the charge of species i , k is the Boltzmann constant, T is temperature, and rE is the electric potential
gradient. The first term corresponds to diffusion due to a concentration gradient, the second is migration
in an electric field, and the third relates ionic flux due to convection. In the present study, the absence of
an external pressure gradient suggests
ciu = 0 (3.7)
so that transport through the NPG membranes is guided purely by passive diffusion of the tracer molecule
from the high concentration reservoir to the low concentration reservoir and migration from any exter-
nally applied electric field. Additionally, the molecular flux is sufficiently low enough to consider the
concentrations in the reservoirs constant throughout the duration of the experiments.15 This allows for a
steady-state approximation whereby
rji = 0 (3.8)
greatly simplifying the analysis of flux through NPG.
Compared to flux in free solution, the diffusion coefficient for species i , Di in a porous domain is
decreased due to the limited free space for diffusion to occur and the high probability of collisions with the
pore walls. The effective diffusion coefficient in porous media is thereofre related as16
Deffi = Di 
ϵp
τ
(3.9a)
where τ is the tortuosity and ϵp is the porosity of the media. The tortuosity of NPG can be related to
porosity following the Bruggeman relation as17
τ = ϵ
  1
2
p (3.9b)
providing the simplified effective diffusion relation,
Deffi = ϵp
3
2  Di (3.9c)
As the diffusional flux in NPG is expected to be very small (0:45Di , assuming ϵp = 30%), a potential
difference across the membrane is necessary to accelerate transport through NPG and obtain separations
on a practical time scale. In the present study, two mechanisms of applying a potential difference were
examined; Chapter 4 employs an externally applied potential across two electrodes in either reservoir
whereas Chapter 5 exploits the induced potential generated when the electrolyte concentrations on either
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side of the NPG membrane differ.
3.3 Effect of an Asymmetrical Nanopore Geometry
A peculiar effect observed in α-HL current measurements was that the current magnitude was dependent
upon the orientation of the α-HL.18–20 This suggested preferential transport in one direction. In order to
accomplish this feat, α-HL has an asymmetrical profile across the lipid bilayer, with a wider pore base (the
“cap”) and a narrow pore tip (the “stem”), as shown in Figure 1.1. This geometrical asymmetry imparts a
potential barrier towards entry of the pore from one side. As shown in Figure 3.3, this effect, known as
ionic current rectification (ICR) can be considered a “rocking ratchet” since flow is preferentially driven in
one direction.21
x
φ
(a)
x
E
K+
8
 cation trap x
φ
(b)
x
E
K+
x
φ
(c)
Figure 3.3: ”Rocking ratchet” mechanism for ion current rectification. (a) Potential profile across an asym-
metric pore. (b) Superposition of a positive potential (+E) in the x direction. A cation trap prohibits K+
translocation. (c) Superposition of a negative potential ( E) in the x direction. The potential drop does
not create a local potential minimum, permitting K+ translocation. Adapted with permission from Siwy, Z.
et al. Conical-Nanotube Ion-Current Rectifiers: The Role of Surface Charge. J. Am. Chem. Soc. 2004, 126,
10850–10851, DOI: 10.1021/ja047675c. Copyright © 2004 American Chemical Society.
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The properties of ionic exclusion can be advantageous when combined with a geometrical asymmetry.
A narrow opening will have a larger conductivity due to the ratio of EDL thickness to pore radius trending
towards unity (r κ  1), whereas the larger opening will not provide such a ratio. This asymmetrical con-
ductivity introduces a difference in pore access resistance for the translocating ions or molecules. From one
direction (the narrower to wider direction), the conductivity will be greater due to a decreased resistance,
as shown schematically in Figure 3.4.23 Biomimetic nanopores also include a geometrical asymmetry, often
introduced as a byproduct of the fabrication process when an ion beam mills one side of the support for
a longer time than the other, when an etchant is introduced only on one side of the membrane, or during
glass capillary pulling.21,22,24–27
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Figure 3.4: Schematic of a negatively charged conical nanopore (left) demonstrating ion current rectifica-
tion. The i-E curve (right) shows decreased conductivity from the wide base to narrow tip (orange) and
increased conductivity from the narrow tip to wide base (blue).
Surprisingly, the ionic current through NPG, as shown in Figure 3.2a, did not exhibit rectification as
was expected for a material with such an intricate and seemingly random geometry. It was therefore
assumed that the average geometry of each side of the NPG was similar enough as to present the NPG as
a collection of symmetrical nanopores. An alternative means of introducing asymmetry to the NPG was
therefore sought, as any asymmetry, geometrical or not, was expected to induce asymmetric behavior.26,28
3.4 Induced Potential Gradients with a Salt Gradient
The conductivity determined in Equation 3.5 is a result of co-ion exclusion inside the pores. In the case of
NPG with a negative surface charge, Cl– ions are excluded from the pores and the conductivity is main-
tained by the concentration of K+ ions in the NPG. The difference in mobility across the NPG between
the cations and anions permits the formation of a potential difference across the membrane, should the
chemical potential between the reservoirs differ. This can be explained using classical equations of ther-
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modynamics. To begin, the Gibbs free energy is described as29,30
G = H  TS +
X
i
µidn (3.10)
Under the steady-state conditions of membrane transport, however, there are no changes in temperature
and pressure. Thus, the only difference in free energy is the difference in chemical potential between the
two sides of the membrane,30
G =
X
i
µidn (3.11a)
=  RT lnK =  nFE (3.11b)
where K describes the equilibrium conditions between the reservoirs. For a membrane separating two
equimolar solutions, K = 1 and therefore E = 0 V. Should equilibrium be perturbed, for example, by
increasing the electrolyte concentration on one side of the membrane, the reservoirs will eventually become
equal in concentration as the electrolyte passes through the NPG. In the case of a charged membrane,
however, transport of counter-ions are favored over co-ions, as described in Section 3.1. In this scenario,
the ability for the reservoirs to reach equilibrium is limited and E , 0 V. This condition, known as the
Gibbs-Donnan effect,11,31 introduces an electric field that has important implications for molecular flux
through the membrane.32–34
Qian et al., for example, examined the presence of salt gradients in nanochannels.35 In a pore with
nonzero surface charge, ionic transport across the pore was not equal for both cations and anions as one
was excluded from the pore volume near the pore surface. Preferential transport of ions lead to an accu-
mulation of charge across the pore and the formation of an electric potential. In a phenomenon known
as diffusioosmosis, two cooperative effects dictate transport through nanopores under a salt gradient: a
chemiosmotic contribution due to induced pressure within the EDL from counterions in the high concen-
tration reservoir and an electroosmotic contribution due to the electric field resulting from charge accu-
mulation.36,37 As noted prior, the NPG in this study exhibits a negative surface charge due to spontaneous
adsorption of Cl– to Au. It was therefore expected that the NPG exhibits cation permselectivity, espe-
cially at low ionic strength, due to exclusion of anions in the EDL. Nishizawa et al. examined the extent of
ionic permselectivity through Au-coated nanopores by relating the measured potential difference across
the pores with the following equation:32
E = t
RT
nF

ln [sink][feed] (3.12)
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whereE is the potential between the reservoirs, R is the universal gas constant, F is the Faraday constant,
t is the difference between cation (t+) and anion (t ) transference numbers, and [sink] ([feed]) is the ionic
strength of the sink (feed) reservoir. Equation 3.12 is simply an extension of Equation 3.11 that introduces
the effects of ion transport selectivity to the well-known Nernst equation. Considering Equation 3.12 in
the context of Equation 3.6 reveals the importance of the migration terms in the Nernst-Planck equation.
Similarly, the selective transport of cations across the NPG in the presence of a salt gradient produces
diffusioosmosis, now creating a nonzero convective term. Concentration gradients such as these have
had very important applications in recent nanopore studies. The induced electric field and ion advection
have shown to be capable of slowing DNA translocation to improve sequencing sensitivity as well as
improve biomolecule capture within nanopores.12,38,39 The contributions of these effects are not negligible
in nanoporous media, such as NPG, and are explored in further detail in Chapter 5.
3.5 Finite Element Simulations
Transport through NPG was modeled using COMSOL Multiphysics software following two different ap-
proaches: (1) modeling transport within a representative section of the porous network; and (2) assuming
transport occurs through a single pore with diffusion coefficients adjusted for a tortuous network. In each
attempt, the Transport of Diluted Species, Electrostatics, and Laminar Flow modules were employed. The
full reports from the simulations are provided in Appendix A. Briefly, the Transport of Diluted Species
module considered the Nernst-Planck equation (Equation 3.6) to calculate flux based on the electric field
introduced by the Electrostatics module and fluid velocity introduced by the Laminar Flow module. Both
simulations indicated that a large potential well exists within the NPG structure, which, in turn, suggested
that NPG may have a strong tendency to either trap or completely exclude counterions or co-ions, respec-
tively.
3.5.1 Modeling of a Porous Domain
After ISODATA thresholding in ImageJ, a representative SEM image was imported into Adobe Illustrator
in order to trace the ligament structure. This sketch could then be exported as a Drawing Interchange
Format (*.dxf) file and modified using AutoCAD for import into COMSOL. The sketch was then manually
re-sized to an appropriate scale for accurate modeling.
The geometry used is presented in Figure 3.5. Boundary conditions were defined at the left and right
sides of the sketch assuming that the feed and sink concentrations, respectively, would not change as a
function of time. The top and bottom boundaries were left open to permit lateral diffusion.
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feed, c0 = 100 mm sink, c0 = 0 mm
Figure 3.5: Model used for porous domain simulations. The hatched areas are the Au ligaments. A surface
potential, σ , was imposed on the ligaments (black border). The annotated concentrations of an anionic
tracer (z =  1) were maintained constant in the feed and sink reservoirs.
Two parameters, background electrolyte concentration (in this case, NaCl) and the NPG surface charge,
σ , were adjusted through a parametric sweep. The results are summarized in Figure 3.6. At negative surface
charge, it appeared that the anion was only excluded for lower background electrolyte concentrations. This
was most likely a result of the induced laminar flow through the NPG structure, illustrated in Figure 3.6c.
Laminar flow overall increased with higher surface charge. Note that there was no laminar flow calculated
for σ = 0 mCm 1. Importantly, it appeared that a potential well existed within the NPG structure, as
shown in Figure 3.6b. At negative (positive) surface charges, the potential well polarity was negative
(positive). This well appeared to trap the anionic tracer at positive surface charges as shown in Figure 3.6a
at σ = +2:5 mCm 1.
3.5.2 Modeling of a Single Pore with a Tortuosity Correction Factor
The nanoporous domain approach described above was performed using a 2-dimensional simulation. It
therefore did not consider surface charge contributions above and below the 2D plane. Simulations con-
cerning single nanopores often employ a 2D-axisymmetric model whereby the pore can be represented in
a 2D image, but rotation around the axis of symmetry extends the model in 3 dimensions.11,40–42 Compared
to the previous nanoporous geometry approach, this simulation used a time-dependent solver rather than
a stationary solver.
The geometry in Figure 3.7 was used to simulate transport through NPG, assuming the diffusion through
the single pore would be altered according to Equation 3.9. AB and GH were set at constant concentra-
tions of the tracer analyte for the feed and sink reservoirs, respectively. The surface charge, σ , was applied
to CDEF to simulate the negatively charged Au surface. The axis of symmetry was centered around AH
to create a 3-dimensional simulation through rotation about this axis. Diffusion coefficients for the elec-
trolytes and tracer used were equal to their bulk constants in the ABCD feed and EFGH sink reservoirs,
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(a) Concentration of anionic tracer within pores (log scale).
Figure 3.6: Finite element simulation results of a monovalent anionic tracer through NPG. The geometry
was imported from an SEM image and scaled to provide, on average, a 50 nm pore size.
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(b) Electric potential within pores.
Figure 3.6: Continued from previous page.
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(c) Electroosmotic flow velocity within pores.
Figure 3.6: Continued from previous page.
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but the effective diffusion coefficients calculated from Equation 3.9 were used within the nanopore region,
DE.
A
B
feed
c0 = 100 mm
C F G
H
sink
c0 = 0 mm
D E
Figure 3.7: The geometry used in the single pore approach. The dashed line indicates the axis of symmetry.
The geometry was rotated around this axis to create a 3-dimensional simulation.
Simulation of a divalent cationic tracer was performed and the concentration and potential profiles
along AH were plotted in Figure 3.8. This simulation was used to study the presence of an asymmetric
electrolyte concentration on either side of the pore. As shown in Figure 3.8b, there exists a large potential
well, similar to that observed in Figure 3.6b. This had the effect of trapping much of the cationic tracer in
the center of the pore, as shown in Figure 3.8a. Note that laminar flow was not taken into account in the
present study, which explains the large growth of cation concentration over time.
time
(a) (b)
Figure 3.8: Time-dependent simulation of a divalent cationic tracer through a nanopore with diffusion
coefficients adjusted for tortuosity. For reverence, the feed is on the right side and sink is on the left.
(a) Cation concentration profile along AH. Over time, a large peak appears to grow in the center of the
nanopore. (B) Potential profile along AH. A well exists, causing the cations to become trapped.
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Chapter 4
Tunable Ionic and Molecular
Transport through Nanoporous Gold
Membranes
4.1 Introduction
Nanopores have gained significant interest due to the unique properties that are presented at length scales
below 100 nm. For example, biomimetic pores fabricated from materials including silicon and graphene
have emerged as promising architectures for nucleic acid sequencing, allowing for unprecedented resolu-
tion between base pairs and single molecule detection.2,3 Nanopores have been able to resolve different
DNA strands, proteins, nanoparticles, and a variety of other small chemical analytes, including dyes and
amino acids.4–9 Whereas the primary focus of such applications has been detection or single molecule
characterization, nanopores have also been demonstrated as enabling membranes for highly selective
(bio)chemical separations.10–12
Common approaches for fabrication of synthetic nanopores involve the top down milling of solid sub-
strates with a focused ion beam or laser-assisted capillary pulling.7,9,13 The resulting pore has a defined size
that physically occludes larger particles from passing through. In addition, the most commonly used ma-
terials for preparing synthetic pores, such as SiO2, often present a charged surface in solution.7,14 Charge-
based selection therefore occurs as pore diameters on the length scale of the Debye layer can lead to ionic
exclusion. In both regimes, analyte discrimination is directly related to the physical dimensions of the
pore and therefore not typically able to be adjusted for different analytical separations. Furthermore,
many studies focus on transport through only a single nanopore, which, while essential for fundamental
studies, would likely not provide sufficient flux for many applications. Motivated by these two potential
limitations, we have investigated nanoporous gold (NPG) as a versatile membrane construct for chemical
separations.
NPG, which is easily fabricated by chemical or electrochemical de-alloying, features properties that
This chapter contains previously published material, adapted with permission from McCurry, D. A.; Bailey, R. C. Nanoporous Gold
Membranes as Robust Constructs for Selectively Tunable Chemical Transport. Journal of Physical Chemistry 2016, DOI: 10.1021/
acs.jpcc.6b02759. Copyright © 2016, American Chemical Society.
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are attractive for many applications in molecular separation, including a high pore density, inherent con-
ductivity, corrosion resistance, biocompatibility, and facile surface modification.15,16 NPG also has a large
surface area, which in addition to utility in separations, has also been used to promote catalysis and cur-
rent collection in batteries and fuel-cells.17–19 Furthermore, the large ionic and chemical storage capacity
of NPG have led to its use in supercapacitor and drug delivery applications.20,21 Herein, the ability to tune
the NPG surface charge is exploited to promote selective transport of charged analytes. The NPG was
modified with either pH-sensitive or electroactive self-assembled monolayers. In either case, modulation
of the charge at the NPG surface by either solution pH regulation or electric potential led to differences
between anionic and cationic transport through the NPG monoliths.
4.2 Results and Discussion
For a typical sample, the median pore diameter was 50  20 nm (see Figure 2.2d). The interior volume
of NPG is highly accessible,22,23 and solution wetting of the NPG can be controlled by an externally ap-
plied potential,24 suggesting to us that dynamic molecular transport through NPG membranes might be
achievable.
As the size of nanopores is reduced, the solution conductivity across the pore is controlled by the thick-
ness of the electrical double layer (EDL), κ 1.25,26 The concentration dependence arises from the required
minimum number of counterions within the EDL that establish electroneutrality at the surface of the pore.
In this way, the charge carrier concentration is effectively constant within the nanopore volume at EDL
thicknesses equivalent to the pore radii. Conductivity is generally related to bulk ionic strength and a
lower conductivity limit exists across the pore as described in Equation 3.4.27 Curious as to whether this
description would hold for the interconnecting network of pores, we measured the conductivity across a
NPG membrane as a function of solution ionic strength. As shown in Figure 3.2, the conductivity across the
membrane is fit by Equation 3.4 and plateaus at an ionic strength at which the theoretical EDL thickness
is equivalent to the radius of the pore, consistent with expectations for single synthetic nanopore systems
and suggesting that the transport of chemical species might be controlled via modulation of surface charge
within the NPG. This relationship is highly dependent on pore diameter, with larger pores demonstrating
conductivity closer to that of the bulk solution at all ionic strengths due to the pore diameter becoming
much greater than the EDL thickness.28,29 Furthermore, smaller pores will demonstrate a higher minimum
conductivity limit as the EDL encompasses a greater proportion of the pore. This effect has been examined
in detail in prior studies28–31 and has important implications for NPG as a separations device; specifically,
adjusting pore size may not only affect size discrimination of the membrane, but may also alter the surface
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charge contribution towards molecular flux within the NPG.
To assess the ability for selective molecular transport, a NPG membrane was sandwiched between
two reservoirs and transport was monitored via UV-visible absorption spectroscopy as a function of an
applied electrophoretic potential, as shown in Figure 4.1). The molecular flux was calculated as the slope
of concentration over time. Note that the flux rapidly reaches steady state after each potential switch.
The final magnitude of [MV2+] in the sink reservoir is orders of magnitude less than the initial [MV2+]
in the feed reservoir, permitting the assumption of a constant tracer concentration difference across the
NPG throughout the duration of each experiment. Previous studies of transport through nanopores have
described molecular flux as following Nernst-Planck behavior, where the total flux is a sum of convection,
diffusion, and migration fluxes.32 The convection term is assumed to be negligible in the absence of an
electroosmotic contribution, as no cross convection is introduced between reservoirs. Therefore, at very
high ionic strengths, flux is governed only by diffusion from a concentration gradient and electrophoretic
migration, whereas flux at low ionic strengths may also be affected by the electroosmotic flow arising from
a thicker EDL.33
Figure 4.1: A typical flux measurement in the presence of an applied electric field. The potential applied is
presented in the top graph and was run in a semi-random order to ensure that results were not dependent
upon the time or order of potentials applied. The UV-visible response of the sink reservoir of MV2+ is
presented in the bottom graph.
As model analytes, either cationic methyl viologen (MV2+) or anionic benzene sulfonate (BS– ) were
introduced to the feed reservoir along with the reference/counter electrode. Molecular transport was mea-
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sured via fiber-optically coupled UV-visible spectroscopy in the adjacent sink reservoir, which also con-
tained the working electrode (see Figure 4.2). In this way, applied potentials were referenced to the feed
reservoir, regardless of polarity. Flux values from a typical MV2+ transport experiment in an electric field
is shown in Figure 4.3a. Note that the molecular flux is presented in a relative form, defined as the flux
at applied E divided by the flux at E=0 V (see Section 4.5 for normalization procedure). This ensures
that any differences between specific NPG samples are removed as flux is only considered as an increase
or decrease from the purely diffusive flux of a given membrane.34
Figure 4.2: (a) Schematic of reservoir assembly used for pH sensitive thiol coated NPG. (b) Schematic
of reservoir assembly for NPG with direct applied potential. Note the addition of a Pt CE to the feed
reservoir. This was required to account for the additional current from the large surface area of the NPG.
(c) Photograph of the custom reservoir assembly. The NPG is sandwiched between the two reservoirs.
A fiber-optically coupled UV-visible spectrometer measured flux in real time as potentials were applied
across and to the NPG. The CAD designs for the assembly are provided in Figure C.7
The relative flux of MV2+ increases with increasing applied negative potential, whereas positive po-
tentials show no flux enhancement, and even an effective decrease in flux compared to purely diffusive
transport. This potential-dependent transport is due to a combination of diffusive and electrophoretic
flux; at negative applied potentials, the concentration gradient of MV2+ and electrophoretic transport of
MV2+ work synergistically to deliver the analyte towards the sink reservoir. At positive potentials, the
electrophoretic and diffusional terms are in opposition. The transport of anionic BS– was similarly in-
vestigated, as shown in Figure 4.3b. In general, the negative surface charge of the NPG from adsorbed
Cl- hindered BS– flux across the membrane, resulting in much lower rates of relative flux compared with
MV2+.
These trends are consistent across a wide range of salt concentrations, but the extent to which flux is
affected by applied potential was also dependent on ionic strength. Enhanced transport was seen at lower
ionic strengths due to the increased EDL thickness in the pores and therefore and increased electroosmotic
contribution. In the case of MV2+, electroosmotic flow through the negatively charged NPG is in the
same direction as the migration, so at lower ionic strengths there is a greater enhancement of transport
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Figure 4.3: Molecular flux ratio as calculated from the change in absorbance in response to the applied
electric fields over a range of concentrations are provided for (a) MV2+ and (b) BS– .
at negative potentials and a greater inhibition at positive potentials. At very low (0:1 mm) ionic strength,
extensive double layer overlap introduces a high resistance towards counter-ion flow and, in turn, leads
to a decrease in flux through membranes and pores.29 For BS– , not only does the negative surface charge
preclude BS– flux to an extent, but the electroosmotic and migration terms are in opposite directions,
further reducing flux.
Given the important role that charge within the NPG has on transport, we reasoned that the perms-
electivity of the membrane could be modulated by rational tuning of the surface charge. To accomplish
this, self-assembled monolayers (SAMs) from thiol-containing solutions were formed on the NPG surface.
The first monolayers investigated featured amine (-NH2) and carboxylic acid (-COOH) functional groups
with charges that can be externally controlled via solution pH, and have previously been investigated in
other nanopore geometries.35,36
Transport of MV2+ and BS– through NPG functionalized with these SAMs is summarized in Figure
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4.4. Importantly, for both SAMs, transport was measured under both acidic (pH3) and basic (pH11)
conditions, rendering the amine-modified surface positively-charged or uncharged, respectively, and the
carboxylic acid-terminated SAM neutral or negatively-charged. Similar to bare NPG, MV2+ transport is in-
creased at negative applied trans-membrane potentials; however, transport was greatest at basic pH, where
the amine was neutral and the carboxylic acid was negatively charged. The negatively charged carboxylic
acid and positively charged amine were particularly effective at enhancing MV2+ and BS– transport, re-
spectively, as evident by the very large relative flux compared to their neutral states (Figures 4.4a(ii) and
b(i)). Overall, relative flux for BS– was much greater for the SAM-modified NPG compared to that of the
bare membrane with adsorbed Cl-, and flux was greatest at acidic pH, where the amine was positively
charged and the carboxylic acid group was neutral. The protonated amine moiety demonstrated a much
greater enhancement towards BS– flux compared to the neutral carboxyl group at the surface, possibly due
to partial neutralization of any residually adsorbed Cl- at SAM defects. An additional factor that was not
examined in the present study, but is of great interest to our laboratory in the future, are the hydrophobic
interactions that may be occurring with the thiols at the surface.
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Figure 4.4: Electrokinetic flux relative to flux at E = 0 for (a) MV2+ (b) BS– through NPG functionalized
with (i) amine- and (ii) carboxylic acid-terminated thiols. The relative flux for the pH-responsive thiols was
compared in acidic (dark bars) and basic (light bars) solutions.
To afford a further level of dynamic control over NPG surface charge, we next functionalized the mem-
brane with a ferrocene-terminated thiol (-Fc) to enable redox-gateable transport. Ferrocene is a classic
electroactive molecule featuring very high reversibility between a positively-charged oxidized state, and
a neutral, reduced state.37 Figure 4.5(i) shows the relative MV2+ and BS– flux through a NPG membrane
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functionalized with ferrocene in both the oxidized and reduced states. This experiment was performed
similarly to above, but now using a bipotentiostat to control the redox potential applied to the membrane
independently of the transmembrane electrophoretic potential.
(i) -Fc (ii) -OH
(a) MV2+
(b) BS-
-2 -1 0 +1 +2
0
75
150
225
300
375
450
525
R
el
at
iv
e 
M
V2
+ 
Fl
ux
E (V)
 -Fc
 -Fc+
-2 -1 0 +1 +2
0
75
150
225
300
375
450
525
R
el
at
iv
e 
M
V2
+ 
Fl
ux
E (V)
 ENPG = 0 V
 ENPG = +0.7 V
-2 -1 0 +1 +2
0
75
150
225
300
375
450
525
 -Fc
 -Fc+
R
el
at
iv
e 
BS
-  F
lu
x
E (V)
-2 -1 0 +1 +2
0
75
150
225
300
375
450
525
 ENPG = 0 V
 ENPG = +0.7 V
R
el
at
iv
e 
BS
- F
lu
x
E (V)
Figure 4.5: Electrokinetic flux relative flux at E = 0 for (a) MV2+ and (b) BS– through NPG functionalized
with (i) ferrocene- and (ii) hydroxyl-terminated thiols. The relative flux compared at either oxidative (+0.7
V, light bars) or reductive (0 V, dark bars) potentials applied directly to the NPG.
When uncharged, transport of MV2+ through the ferrocene-modified NPG was very high at negative
transmembrane potentials. Electrochemical oxidation to Fc+ effectively eliminated flux due to cation ex-
clusion from the pores. For BS– , electrochemical oxidation of ferrocene led to a marked increase in flux at
positive applied transmembrane potentials.
Compared to pH-sensitive NPG samples, the use of electroactive moieties seemed to introduce a con-
vective current through the NPG as a result of the applied potential. Ideally, the application of +0.7 V would
instantaneously oxidize all ferrocene groups at the surface and the EDL at the Au surface would quickly
become fully charged. In practice, though, the extremely large surface area of the NPG and close proximity
of ferrocene groups within the pores appears to present a significant non-faradaic charging current at the
NPG. Figure 4.6 shows the slight irreversibility present in cycling the potential on an Fc-thiol-modified
NPG sample and its effects on the current transients measured during BS– and MV2+ transport. Such
residual charging currents may have had a significant effect on the measured flux, leading to a marked
difference between the relative flux measured at neutral surface charge for the pH sensitive thiols vs the
ferrocene thiol. While the commercial availability of ferrocene-terminated thiols make it an attractive
monolayer material, potential complications in terms of stability in aqueous solutions and electrochemical
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Figure 4.6: (a) Cyclic voltammogram of the Fc-terminated thiol on both flat Au and NPG in 0.1 m sodium
perchlorate. The thiol was deposited in a 1:22 ratio of 6-mercapto-1-hexanol to 6-ferrocenyl-1-hexanethiol
and the scan rates were adjusted to clearly resolve the peaks. The E1⁄2 should ideally be equal to the Epa and
Epc for a surface adsorbed electroactive species. The peak deviation and non-faradaic charging increases
for the NPG due to the close proximity of the ferrocene groups and very large surface area, respectively.
The current measured at the NPG (red) during application of a transverse potential (blue) for (b) methyl
viologen and (c) benzene sulfonate demonstrates large currents at the NPG for a significant period of time.
These currents may contribute to the measured flux.
irreversibility38,39 suggest that alternative electroactive monolayers may have result in even finer regula-
tion of electrochemical tuning of molecular transport.
Previous studies examining gated protein transport using an external potential applied to Au-coated
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pores in the absence of electroactive moieties suggested that transport through NPG coated terminated with
ferrocene might have contributions from both the fixed positive charges and the simple presence of the
applied electric field.34,36,40,41 To parse these effects, we deposited a non-electroactive hydroxyl-terminated
thiol on the NPG. Figure 4.5(ii) shows the MV2+ and BS– flux through OH-coated NPG at the same po-
tentials used to oxidize and reduce the ferrocene groups in Figure 4.5(i). Both analytes demonstrated the
expected migration towards the oppositely charged reservoirs. While the application of a gating poten-
tial did appear to have an effect on the MV2+ and BS– flux, it was not nearly as substantial as on the
ferrocene-coated NPG. It is therefore clear that the incorporation of an electroactive moiety provided a
greater transport enhancement and further efforts will focus on using an alternative electroactive surface
functionality, rather than depending on non-faradaic charging alone. Viologen derivatives, for example,
could be used to gate transport as they have been tethered to Au surfaces in prior studies and exhibit
reversible oxidation and reduction in aqueous solutions.42
4.3 Conclusions
We have firstly demonstrated NPG as a promising membrane material for dynamically tunable molecular
separations. Analyte flux through NPG can be controlled not only via an applied transverse electric field,
but also by changes to the NPG surface charge, which we tuned via three different mechanisms. Bare
NPG membranes were cation permselective due to the spontaneous chloride adsorption to Au surfaces.
Depending on the ionic strength of the solution, the electrical double layer can extend far into the pore
volume and impart significant electroosmotic contributions to transport flux. Formation of a self-assembled
monolayers on the NPG surface prevented significant chloride adsorption and allowed for finer adjustments
to the NPG surface charge through either solution pH or applied electrochemical potentials, providing
motivation for investigating additional redox active monolayer constructs. Future efforts will be directed
towards continuing to develop NPG as a tunable membrane for chemical and biomolecular separations
through the investigation of alternative gating strategies and modes of dynamic regulation of transport.
4.4 Experimental Details
Nitric acid, sulfuric acid, acetone, isopropyl alcohol, sodium benzenesulfonate, methyl viologen dichloride,
sodium chloride, and sodium perchlorate were used without further purification. 200 proof ethanol was
dried with 3 Å molecular sieves. Water was purified using an ELGA ultrapure water purification system to
18:2 MΩ cm and dispensed through a 0:22 µm filter cartridge. Preparation and surface area characterization
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of the NPG monoliths was performed as described in sections 2.1 and 2.3, respectively.
4.4.1 Through-Pore Conductivity Determination
A NPG-on-Kapton sample was sandwiched between two custom polytetrafluoroethylene (PTFE, Teflon,
Figure C.6) reservoirs with a 1 mm diameter access port to each face of the NPG. Ag wires were plated with
AgCl followed a procedure described by Hassel and coworkers.43 The Ag/AgCl wires were submerged in
various concentrations of KCl ranging from 10 µm to 1 m KCl. Using a CH Instruments 760 Potentiostat in a
two-electrode configuration (the CE was shorted to REF), the potential was cycled at 6 mVs 1 between the
two Ag/AgCl wires. The current was measured and the slope of current with respect to applied potential
was calculated as the total of bulk and pore volume conductivities.
4.4.2 Self-Assembled Monolayer Formation
10 mm total thiol solutions were prepared in ethanol using 6-mercaptohexanoic acid (90%, Sigma-Aldrich,
‑COOH), 6-amino-1-hexanethiol hydrochloride (Sigma-Aldrich, -NH2), 6-(ferrocenyl)hexanethiol (Sigma-
Aldrich, -Fc), or 6-mercapto-1-hexanol (99%, Sigma-Aldrich, ‑OH). The NPG monoliths were rinsed three
times with ultrapure water and three times with ethanol over the course of one day following electro-
chemical cleaning and surface area characterization to promote removal of water from the pores. The NPG
samples were immersed in the thiol-containing solutions for at least 48 hours. They again were rinsed
three times with ethanol to remove any excess thiols remaining inside the pores and then three times with
water to wet the pores prior to transport experiments.
4.4.3 Molecular Transport Measurement
A custom polychlorotrifluoroethylene (PCTFE, Figure C.7) reservoir apparatus similar to the conductiv-
ity measurement setup was used for molecular transport, except that one reservoir (the sink) was fiber-
optically coupled to a StellarNet SL3-LL deuterium lamp with collimating lens and StellarNet Black Comet
UV-Visible spectrometer. Two spherical ball lenses (5.55 mm sapphire, Edmund Optics) were positioned
directly across from each other on either side of the reservoir to collimate light between the two fiber
optic cables (400 µm, 0.22 NA Thorlabs). Two Ag/AgCl electrodes (CH Instruments) were filled with 1 m
NaCl and immersed in each reservoir. A Pine AFCBP1 potentiostat with custom LabVIEW software (See
Appendix B) was used to apply a potential program to the electrodes ranging between 2 V with potential
steps every 30 minutes. The rates at which either 1 mm methyl viologen (MV2+) or 10 mm benzenesulfonate
(BS– ) transported through the bare NPG in 0:1 mm, 1 mm, 10 mm, 100 mm, and 1000 mm were measured
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by monitoring the change in absorbance at 255 nm and 262 nm, respectively, as a result of the applied
potential. Calibration curves were performed at the end of each NaCl concentration to calculate the flux
in terms of concentration. For comparison, all flux is reported as relative to the passive diffusive flux, i.e.
the flux at ENPG = 0 V.
Flux through the pH-sensitive thiol coated pores was determined by first soaking the membrane in
either the high pH (1 mm NaOH, pH = 10.8) or low pH (1 mm HCl, pH = 3.3) solution for at least 15
minutes. The reservoirs were then rinsed with ultrapure water and filled with 2 mm total ionic strength
solutions of either 1 mm MV2+ or BS– in the feed, 1 mm NaCl in the sink, and either NaOH or HCl in both
the feed and sink.
Flux through 6-(ferrocenyl)hexanethiol- and 6-mercapto-1-hexanol-coated pores followed a similar
setup as the pH-sensitive pores with the following exceptions: (1) NaClO4 was used as the background
electrolyte instead of NaCl, (2) no NaOH or HCl was added, so NaClO4 was used to make up the difference
of 2 mm ionic strength, and (3) the AFCBP1 was operated in bipotentiostatic mode with a Ag/AgCl REF
and Pt wire CE in the feed, NPG as WE #1, and Ag/AgCl as WE #2 in sink. A potential of either 0 V or
+0.7 V was applied to the NPG to maintain the ferrocene groups in either the reduced or oxidized state,
respectively.
4.5 Data Normalization Procedure
Due to the intricate geometry of each NPG sample, flux through the pores is sample dependent. The
nonlinear effect of altering pore size (electroosmotic contributions and the ratio of EDL to pore volume)
complicates direct comparison. In order to accurately compare experimental results, the molecular flux
measured for each run was averaged to obtain an average flux. The datasets were then normalized to one
another (Figure 4.7a → b) according to:
j0 = j jr ef ;mean
jmean
(4.1)
where j0 is the normalized flux at a value of E, j is the non-normalized flux at a value of E, jref ;mean
is the flux of the reference averaged dataset, and jmean is the flux of the individual averaged dataset. This
allows for each dataset to be normalized to arbitrary molecular flux values and subsequently averaged
(Figure 4.7b → c), correcting for NPG samples with different baseline translocation rates. Division of the
average values at E , 0 V by E = 0 V (Figure 4.7c → d) permits comparison of flux relative to the
flux at E = 0 V, or in other words, the transport enhancement factor with applied potential relative to
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Figure 4.7: (a) BS– flux through amine-thiol-functionalized NPG at acidic pH as measured from the real-
time slope of absorbance vs. time from three runs. Qualitatively, all three runs demonstrate similar trends
of increased translocation rate at more positive potentials. (b) Normalization of the molecular fluxes to the
average flux of the first run (red). The second run (green) had a lower average flux than the first run and
was therefore normalized to have the same average flux. Similarly, the average flux of the third run was
normalized. (c) Average normalized flux from all three runs. (d) Flux relative to the flux at E = 0 V. Note
that the x-intercept has changed from 0 to 1.
passive diffusion.
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Chapter 5
Electrolyte Gradient-Based Tuning of
Molecular Transport
5.1 Introduction
Advanced fabrication methods (e.g. focused ion beam,1 photolithography,2 and clever template-based ap-
proaches3) have led to the facile fabrication of nanometer-scale structures, including synthetic nanopores.
In general, nanopores having diameters from 1-100 nm show unique (bio)molecular transport properties
on account of the similarities between pore diameter and molecular dimensions. As the ratio of pore
diameter to analyte size decreases, steric and electrostatic surface interactions dominate molecular trans-
port through the pore.4,5 Pioneering early nanopore transport work focused on α-hemolysin, a biological
nanopore which has been subsequently developed into an emerging sequencing technology based upon the
analysis of DNA translocation and resistive pulse sensing.6,7 Fueled by the advanced fabrication methods
described above, synthetic membranes comprised of materials such as SiO2,8 SiN,9 and graphene,10 have
also emerged as robust nanoporous constructs for (bio)molecular separations. In addition to increased
structural integrity, these synthetic nanopores can be finely tuned to a specific pore size and chemically
modified to impart selective gating of transport.11–13 As a result, nanopores have expanded beyond applica-
tions in DNA sequencing to nanoparticle characterization,14 desalination,10 and molecular separations.15,16
Of particular relevance here are nanopores tailored towards molecular separations. Size-selective sep-
arations are made possible by controlling the diameter of the nanopores, whereas charge-selective sep-
arations can be performed after addition of charged moieties to the pore surface, such as pH-responsive
self-assembled monolayers.17 Ionic and molecular transport through discrete Au-coated nanopores on both
the basis of size and charge has been studied extensively.15,16,18–25 The electroless deposition of Au allows
for easy tuning of the pore diameter and the well-studied chemisorption of thiols to Au make it an attractive
membrane material. While the majority of recent separation nanopore studies have examined only single
pores or arrays of pores, molecular throughput for practical separations may be limited as the effective
pore area cross section is very small.
In the interest of further increasing membrane porosity and imparting external dynamic control to the
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membrane, we investigated nanoporous gold (NPG) monoliths as molecular separation membranes. The
intricate NPG geometry was examined in detail by Erlebacher and coworkers at the turn of the century and
was found to be formed through a spinodal decomposition mechanism; the de-alloying process involves a
continual dissolution of the less noble material with simultaneous re-arrangement of surface Au adatoms.26
An important aspect of the de-alloying process is the introduction of a characteristic length scale, where
the remaining Au ligaments are fairly homogeneous in size. The resulting geometry has had important
applications in catalysis and fuel cells due to its extremely high surface area as well as its underlying
crystal lattice properties.27–30 Furthermore, this geometry lends itself to be a very capable enzyme- and
protein-loading substrate, as studied extensively by Stine and coworkers.31–33
NPG shares the benefits of surface modification and inherent conductivity of the single Au-coated
pores, but will increase throughput due to its higher porosity as well as enable higher-order molecular
separations due to its extensive 3-dimensional pore network. NPG is also very simple to fabricate through
either free corrosion or electrochemical de-alloying, greatly reducing the complexity required by electroless
deposition. Recently, we have shown that gateable transport through NPG is possible when a transverse
potential is applied on either side of the NPG membrane.34
Herein, NPG separated two reservoirs containing different ionic strength solutions. A UV-absorbing
tracer, was added to only one reservoir and its translocation rate through the NPG was monitored using
a fiber-optically coupled UV-Visible spectrometer. Similar to previous experiments containing Au-coated
nanopores, we observed the formation of an electric potential difference between each reservoir.22 This
induced potential was dependent on the ionic strengths of each reservoir and was found to alter tracer
translocation rate. Methyl viologen (MV2+) and naphthalene disulfonic acid (NDS2 – ) were used to study
the effects of salt gradient magnitude on molecular transport through the negatively-charged NPG. Both
tracers demonstrated diminished transport at very low ionic strengths due to a thick electrical double layer
(EDL). The MV2+ and NDS2 – flux differed, however, in maximum flux as a result of the different transport
mechanisms for cations vs. anions. To examine such differences in further detail, a monovalent anion,
benzene sulfonate (BS– ) and an uncharged tracer, pyridine, were used to compare the effects of different
background electrolytes. Notably, the differing electrolyte species had pronounced effects on overall flux
through the NPG, indicating that transport is not solely due to diffusion along a concentration gradient,
but also from an induced electric potential and ion advection.
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5.2 Results and Discussion
5.2.1 Preparation and Characterization of NPG Monoliths
De-alloying via free corrosion was used to remove metals less noble than Au from the 10K alloy monoliths.
Cu, Ni, and Zn are soluble in nitric acid and therefore spontaneously dissolve, leaving behind only Au.32 The
leaching process follows a spinodal decomposition mechanism whereby Au adatoms cluster into islands
as the less noble metals dissolve. The result is a bicontinuous structure with ligaments and pores of equal
size, dependent upon the initial Au concentration in the alloy.26
A reddish-brown color was imparted to the NPG upon immersion in concentrated nitric acid, which
indicated the formation of nano-roughened surface features.35 Inspection under an SEM allowed for visual
confirmation of the expected bicontinuous, nanoporous geometry. There were no detectable traces of Cu,
Ni, or Zn in the de-alloyed monolith as determined under EDX analysis (see Figure 2.3). Figure 2.1 shows
the developed porosity of a typical NPG sample. Constrictions as low as 10 nm and upwards of 60 nm
were present. The SEM images were imported to ImageJ for ISODATA (Iterative Self-Organizing Data
Analysis Technique) thresholding prior to particle size analysis to obtain a distribution of 50  20 nm.34,36
The nanoporous geometry extends throughout the monolith, as evidenced by the cross section of the NPG
provided in Figure 2.1c.
Large cracks several microns across are present on the NPG surface, as shown in Figure 2.1d. These
appear to be uniformly distributed, travel in one dimension, and do not exhibit necking that could oc-
cur through flexing of the sample.37 The cracks are therefore a result of stress corrosion cracking, a phe-
nomenon commonly observed during the employed free corrosion de-alloying technique.38–40 Cracks of
this magnitude would be detrimental to the desired applications in separations, but cross section analysis
using SEM provided no evidence of cracks extending throughout the entire NPG monolith and conductivity
measurements vide infra support pore sizes well below the micrometer range.
Prior to use, all NPG samples were electrochemically cleaned in a 0.5 m H2SO4 solution.41 The potential
of the NPG was cycled to rapidly form and subsequently dissolve an oxide layer on the surface. After 250
cycles at 1 Vs 1, reproducible voltammograms were obtained, indicating a loss of atomic roughness and a
more stable surface. Integration of the oxide stripping peak at +0.2 V vs. MSE provided the charge passed
during reduction of the Au oxide layer and is related to surface area of the Au by a factor of 0:772 mCcm 2.42
Figure 2.15b shows a representative voltammogram for the surface area of bare NPG. The NPG voltammo-
gram had very broad peaks due to the immense surface area. Surface areas in excess of 4:2  0:8 m2 g 1
were obtained.
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5.2.2 Verification of Conductive Pathway and EDL
While cyclic voltammetry allows for probing the electrochemically accessible surface area of the NPG and
SEM analysis showed that the porosity extended across the entire monolith, it was necessary to ensure that
there was a conductive pathway between both sides of the NPG for molecular transport. Since de-alloying
occurred from all sides, it is possible that the pores did not join at the center of the monolith. To ensure that
the pores extended across the entire NPG monolith and that solution could flow from one side to the other,
conductivity measurements were performed with a KCl electrolyte. According to Ohm’s law, ramping the
potential between two non-polarizable electrodes in a conducting medium will produce a linear response
with slope equal to the electrical conductance of the solution. As shown in Figure 3.2a, linear responses
were obtained for a variety of KCl concentrations.
At sufficiently low ionic strength, Cl– is excluded from the NPG pores and its mobility through the
pores therefore becomes negligible. As a result, Equation 3.5 only considers µ+ in the second term. The
NPG monolith separating the two reservoirs was expected to exhibit the same effect as the single pores
studied by Smeets et al, whereby a minimum in conductivity was obtained due to the exclusion of Cl– .43 As
shown in Figure 3.2, the conductivity was linear with respect to KCl concentration above 1 mm. Below 1 mm
KCl, however, the conductivity began to level off, eventually reaching a minimum below concentrations less
than 100 µm. This is consistent with observations of the average pore diameter and the discussion of EDL
thickness in Sections 2.1 and 3.1, respectively. At 100 µm KCl, the EDL was expected to extend 30 nm into
the pore. For the NPG pores with average diameters < 60 nm, this translates to the entire pore volume being
dominated by the surface charge of the Au. A minimum concentration of K+ was required to neutralize the
negative surface charge of the NPG. The calculated surface charge density ( 1:9  0:1 mCm 2, Equation
3.5) in addition to the immense surface area and tortuosity of NPG suggests that anion flux through NPG
experiences significant inhibition.
An effect that was expected for NPG during the transverse potential cycling, but was not observed,
was that of ion current rectification (ICR). Nanopores with asymmetrical geometry present high and low
conductivity states dependent upon the polarity of the applied potential. For example, in a conical SiO2
nanopore, a negative potential applied to the narrower side will produce a smaller current response com-
pared to the same negative potential applied to the wide side.5 This effect has been attributed to a potential
barrier which favors the transport of cations over anions across the negatively charged pore. The lack of an
ordered geometry on either side of the NPG suggested that ICR would be observed upon potential cycling.
According to Figure 3.2a, a linear response was observed instead, which indicated that the nanoporous
geometry was, on average, symmetrical across the length of the monolith. This presents a challenge in
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using NPG for separations. Many nanopores, including the well-studied α-hemolysin pores, depend on
a geometrical asymmetry to impart directional transport through the pore.5,6,44 To work around this is-
sue, modifications of the external environment of cylindrical pores have shown promise in introducing an
asymmetrical aspect to an otherwise symmetrical system. For example, pH gradients across SiO2 pores
introduce nonlinear surface charge across the nanopore interior. While this did not impose a geometrical
asymmetry, the electrostatic gradient was sufficient to introduce ICR.45 Because the surface charge of NPG
should not be affected by pH, an alternative method involved adding different concentrations of support-
ing electrolyte to impose a salt gradient across the NPG. Wanunu et al. have shown differences in the
translocation rate of DNA through nanopores in the presence of a salt gradient.46,47
5.2.3 Charged Tracer Transport in the Presence of a Salt Gradient
Transport of anionic NDS2 – and cationic MV2+ was measured under varying salt gradient conditions in
order to determine those that had the greatest contribution to molecular flux. Concentrations of the back-
ground electrolyte were independently altered through the orders of magnitude from 1 mm to 1000 mm.
The tracer concentration was maintained at 1 mm in order to reduce effects of ionic strength contributions
from the tracer. Figure 5.1 shows the flux magnitudes for MV2+ and NDS2 – . MV2+ demonstrated higher
molecular flux when both reservoirs were held at a high ionic strength (1000 mm NaCl). Regardless of the
salt gradient direction, higher ionic strength produced a higher flux magnitude. In the case of MV2+, then,
flux magnitude was dominated solely by the EDL thickness, with a thinner EDL permitting a greater flux
area. Contrary to this result, NDS2 – demonstrated increased flux only when one reservoir was maintained
at a higher ionic strength (Figure 5.1b). When both reservoirs were at a high ionic strength (1000 mm NaCl)
the molecular flux was diminished, despite the expectation that flux would increase as was observed for
MV2+.
Provided the lack of an externally applied potential or pressure difference, an additional flux contribu-
tion must come from either the induced electric field, advection of the electrolyte, or a combination of both.
As Figure 5.2a-b shows, the induced electric fields for both MV2+ and NDS2 – were very similar. As the
concentration decreases, a minimum in potential difference is observed, most likely as a result of the con-
ductivity dependence of the NPG as described by Equation 3.5. A fit of the measured potentials to Equation
3.12 is provided in Figure 5.2c-d for each of the tracers. As expected due to the similar measured potentials,
an equivalent transference number of +0.18 was obtained; the NPG presents cation semipermselectivity
from its negative surface charge.
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(a) (b)
Figure 5.1: (a) MV2+ and (b) NDS2 – transport through an NPG membrane under varying salt gradient
conditions. The bottom left axis presents the ionic strength of the feed reservoir, whereas the bottom right
axis presents that of the sink reservoir. Note that the oppositely charged ionic species responded differently
to the salt gradients; MV2+ had the greatest flux magnitude when both reservoirs had a high concentration
of NaCl, while NDS2 – had the greatest flux magnitude when only one reservoir was maintained at a higher
concentration.
5.2.4 Charged Tracer Transport with Various Cation Species
As the salt gradient conditions for an anionic species provided the most pronounced differences where
one reservoir was held at a higher concentration than the other, transport of BS– through the NPG in
the presence of a salt gradient, where one reservoir was maintained at 1 m background electrolyte, was
monitored using UV-visible absorption spectroscopy. BS– (pKa=0.70)48 has a negative charge at the neutral
pH considered in this study and has a small hydrodynamic diameter which limits effects of steric hindrance
during transport. Furthermore, the concentration of the tracer was increased from 1 mm to 100 mm in order
to increase the concentration terms of Equation 3.6. In the absence of a salt gradient, BS– was able to
translocate across the NPG through passive diffusion. Although the negative surface charge on NPG from
Cl– adsorption should have inhibited BS– transport, the EDL is too thin at the > 100 μM concentrations
examined for the membrane to exhibit complete permselectivity (see Figure 3.2). In the presence of a
salt gradient, the translocation rate was greater than that under no gradient conditions regardless of the
direction of the salt gradient, although the [Feed] > [Sink] (1000 mm feed) was enhanced to an even greater
extent, as shown in Figure 5.3. This was consistent with the results shown in Figure 5.1b.
The enhancement in tracer translocation for the [Feed] > [Sink] gradients in Figure 5.3 was intuitive
as both tracer diffusion and electrolyte advection were in the same direction. A cooperative effect was
therefore present whereby both tracer and salt were drawn into the nanopores. Likewise, when no salt
gradient was present for [Feed] = [Sink] (no gradient), only the passive diffusional flux of the tracer was
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Figure 5.2: The measured potential difference between the two reservoirs under varying salt gradients for
(a) MV2+ and (b) NDS2 – . The potential difference as it relates to the natural logarithm of the concentration
ratio of sink to feed NaCl for (c) MV2+ and (d) NDS2 – .
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Figure 5.3: BS– transport through NPG as measured by UV absorption in the sink reservoir over time in
(a) NaCl, (b) KCl, and (c) MgCl2.
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present and no enhancement was observed. For [Feed] < [Sink] (1000 mm sink), however, BS– translocation
appeared to vary depending upon the cationic species present. No enhancement was observed compared to
the purely diffusional no gradient condition with Na+, whereas K+ or Mg2+ seemed to respectively reduce
or completely remove the effect of the opposing salt gradient for BS– transport, as shown in Figures 5.3b-c.
Explanations considering purely diffusional effects cannot account for the tunable behavior for the [Feed]
< [Sink] gradients.
The potential difference across NPG was measured for each salt gradient, as shown in Figure 5.4. In
order to fit the data to Equation 3.12, the data is plotted against ln [Sink]/[Feed]. For [Feed] = [Sink], a very large
potential difference was measured at the lower average ionic strengths as a result of the ionic contribution
from BS– . In order to correct for the error introduced from the BS– , the total measured E was assumed
to be the sum of the BS– and background electrolyte E contributions. Without a background electrolyte
gradient present, it was assumed that the measured E was therefore solely due to the BS– . A fit to EBS–
vs ln [Sink]/[Feed] (Figure 5.5) could then provide the relationship between ionic strength ratio and EBS– ,
allowing for subsequent subtraction of the tracer contribution and a more accurate representation of the
induced potential difference as a result of the salt gradient, Egradient, as provided in Figure 5.6. The slope
of Figure 5.6 was then used to obtain the t for each species, presented in Table 5.1. A positive value of t
was obtained for all cation species, indicating preferential cation transport, as expected for a negatively
charged membrane. The transference numbers appeared to be correlated to the diffusion coefficients of
each cation, with a lower diffusion coefficient promoting a higher transference number, which suggests
that cation advection has a strong influence on translocation through the NPG. Compared to the NaCl and
KCl gradients, the MgCl2 also differed in the divalent charge of Mg2+. While there was an enhancement
of transport in the presence of a salt gradient, it appeared to be directionally independent, as shown in
Figure 5.3c. Multivalent, asymmetric salts require a much more rigorous analysis than the simple Poisson-
Boltzmann approach that provided Equation 3.3.49
Table 5.1: Measured transport numbers, calculated from Figure 5.6, along with the diffusion coefficients
for each cation. For reference, DCl– = 2:032  10 5 cm2 s 1.
Cation D (10 5 cm2 s 1) t
Na+ 1.344 0:263  0:008
K+ 1.957 0:166  0:005
1⁄2Mg2+ 0.706 0:33  0:02
E is negative (positive) when [Feed] > [Sink] ([Feed] < [Sink]), suggesting that the migration term
in Equation 3.6 opposes (enhances) ionic flux towards the sink reservoir. As such, the migration term
therefore does not dominate transport through NPG as the [Feed] > [Sink] demonstrates a much greater
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Figure 5.4: The raw potential difference across NPG as measured with [Feed] > [Sink] (red), [Feed] < [Sink]
(green), and [Feed] = [Sink] (blue) gradient conditions for (a) NaCl, (b) KCl, and (c) MgCl2.
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Figure 5.5: The benzene sulfonate contribution to the measured potential difference across NPG for NaCl
(red), KCl (green), and MgCl2 (blue). The pyridine contribution in NaCl is also provided (cyan).
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Figure 5.6: The corrected potential difference measured across NPG for BS– in (a) NaCl, (b) KCl, and (c)
MgCl2.
BS– flux through NPG compared to the [Feed] < [Sink]. Transport therefore most likely occurs as a result
of diffusioosmosis, or the combined effect of the electroosmotic flow and subsequent advection from the
chemiosmosis of background electrolyte.
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Further evidence of the importance of the background electrolyte to flux through NPG was provided
by Keh and Ma, who modeled transport across a charged surface and noted that the bulk fluid velocity was
highly dependent not just on the induced transverse electric field parallel to the pore walls, but also the
electric field normal to the surface.50 The relation of surface potential (ZeζkT ) to the ratio of anion/cation
diffusivities, β , calculated as
β =
D+   D 
D+ + D 
(5.1)
where D+ (D  ) is the diffusion coefficient of the cation (anion), can be used to determine the direction of
diffusioosmotic velocity within the pores. In other words, the fluid did not always move in a single direction
at every point within the pores and differences in surface charge or ionic diffusivities could be sufficient
to reverse the bulk fluid flow. Table 5.2 lists the calculated β values for the salts considered in the present
study. At higher magnitude β and low ζ potential, much like the case with NaCl or MgCl2, fluid velocity
is most likely in the direction of lower concentration (in this case, towards the sink reservoir) through the
centers of the pores. KCl, on the other hand, has a much lower β and the bulk fluid flows towards the
higher concentration (feed) reservoir. It is instances such as these that lead to slight differences in the flux
magnitudes across the [Feed] < [Sink] BS– translocation rates. While a full analytical solution to the flux
rates is outside the scope of this paper, it is clear that the different cation species have a direct effect on
translocation rate through the nanopores. An even greater effect may be realized if an external electric
field was applied directly to the NPG or if the pores were smaller so that the EDL encompassed an even
greater volume at the concentrations studied.
Table 5.2: β values as calculated from the diffusion coefficients. Note that KClO4 and Mg(ClO4)2 were not
used in the present study.
Ion Cl– ClO –4
(D = 10 5 cm2 s 1) (2.032) (1.792)
Na+ -0.204 -0.143(1.344)
K+ -0.019 0.044(1.957)
1⁄2Mg2+ -0.484 -0.435(0.706)
5.2.5 Neutral Tracer Transport
Pyridine (pKa=5.23)48 is neutral at the neutral pH considered in this study and, similar to BS– , has a small
hydrodynamic diameter. In the absence of a salt gradient, pyridine was able to translocate across the NPG
through passive diffusion similar to BS– , but the overall rate appeared to be smaller, as shown in Figure
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5.7a. As pyridine is slightly smaller than BS– and did not experience the same magnitude of repulsion by
the pore walls, it is possible that pyridine required a longer time to traverse the tortuous NPG geometry.
In the presence of a salt gradient, pyridine transport was enhanced to the same extent regardless of the
direction of the salt gradient. This further supports the additional convective term in Equation 3.6 to
account for the enhancement as a result of diffusioosmosis. Both ionic flux and fluid velocity contribute
to reach equilibrium in the salt concentrations across the NPG, but in doing so, there is a relaxation effect
where flow in the opposite direction occurs.50 Since the magnitude of flow from one reservoir to another
must equal the reverse flow magnitude, transport of pyridine occurs at the same rate. When [Feed] >
[Sink], the rate is possibly only slightly higher as the chemiosmotic contribution may be slightly stronger
than the reverse fluid pressure.
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Figure 5.7: (a) Pyridine transport through NPG with NaCl background electrolyte as measured by UV
absorption in sink reservoir over time. (b) Potential difference measured across NPG.
As shown in Figure 5.5, the presence of pyridine appeared to exhibit an opposite E compared to the
presence of BS– . This may have been due to the small concentration of protonated pyridine at this pH. The
transport number, calculated from the slope of Figure 5.7b, was  0:03  0:01, which was much lower in
magnitude than those calculated with BS– as well as negative, suggesting a slightly anion semipermeable
membrane. This was most likely an effect of pyridine adsorption to the NPG.51 Regardless, introduction
of a salt gradient across the NPG membrane promoted pyridine translocation, underscoring the utility of
asymmetric electrolyte concentrations in the reservoirs.
5.2.6 Charged Tracer Transport with a Weakly Adsorbing Electrolyte
In order to separate the diffusioosmotic contribution to BS– flux further, initial studies employing a weakly
adsorbing anion rather than Cl– were performed in an attempt to eliminate the NPG surface charge. Cl–
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anions strongly adsorb to Au, but ClO –4 anions only weakly so. While the rate at which SBS translocated
through the NPG was slightly decreased overall compared to the other electrolytes studied, there was still
a sufficient difference between all gradient directions according to Figure 5.8a. This was not expected, but
perhaps the weakly adsorbed ClO –4 , as little as it may be, may be sufficient with such a large surface area
as to induce diffusioosmosis. It was shown in Keh and Ma that even an extremely thin EDL or weakly
charged membrane may exhibit diffusioosmotic flow.50 Furthermore, the extremely high surface area and
tortuous geometry may only serve to enhance even the smallest diffusioosmotic effects. Thus, future at-
tempts to eliminate diffusioosmotic flow should incorporate a non-charged or hydrophobic surface. To
meet such a goal, the use of F– as a counterion was also explored (Figure 5.8b), but similar trends to ClO –4
were observed possibly due to Cl– contamination. This is apparent even in Figure 5.8c-d, where a slightly
positive slope was observed in the E vs ln [Sink]/[Feed] suggests a cation permselective membrane. Exper-
iments without any tracer and only incorporating background electrolyte may be necessary to eliminate
these issues. To a similar effect, experiments considering only the UV-Vis acquisition of BS– transport
without measuring potential may aid in reducing Cl– contamination of the NPG.
5.3 Conclusions
NPG is easily fabricated through a free corrosion de-alloying technique to prepare free-standing mem-
branes with average pore sizes of 50 ± 20 nm. At ionic strengths below 100 µm, the EDL is able to extend
across the entire pore diameter, enabling control over transport through the NPG. The high surface pore
density and extensive 3-dimensional pore network suggest that NPG is amenable towards molecular sepa-
rations. It has been shown that a combination of diffusioosmosis and permselectivity of the EDL determine
the rate at which molecules can translocate through NPG in the presence of a salt gradient. While the cur-
rent analysis is quite qualitative in its approach, future work in applying transverse electric potentials as
well as tuning the pore sizes of the NPG will aid in further elucidating the transport mechanisms that
dominate molecular transport through NPG.
5.4 Experimental Details
5.4.1 Materials
Nitric acid, sulfuric acid, acetone, sodium benzenesulfonate (BS– ), methyl viologen (MV2+), naphthalene
disulfonic acid (NDS2 – ), pyridine, potassium chloride, magnesium chloride, sodium chloride, sodium per-
chlorate, and sodium fluoride were purchased from Sigma-Aldrich and used without further purification.
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Figure 5.8: BS– transport through NPG with (a) NaClO4 and (b) NaF background electrolyte as measured
by UV absorption in sink reservoir over time. (c) Potential difference measured across NPG with [Feed] =
[Sink]. (d) Corrected potential difference across NPG as measured under the [Feed] > [Sink] and [Sink] >
[Feed] gradient conditions.
250 µm thick 10 karat white Au alloy (Au, Cu, Ni, Zn) was purchased from Hoover and Strong and cut into
0.2 in. x 0.2 in. squares with a wire saw. All water was purified with an ELGA ultrapure water purification
system to 18:2 MΩ cm and dispensed through a 0:22 µm filter cartridge.
5.4.2 Preparation and Characterization of NPG
The diced Au alloy pieces were rinsed in acetone and sonicated in ultrapure water for 10 minutes prior to
individually immersing each piece in concentrated nitric acid dealloying bath for 48 hours, with replace-
ment of the nitric acid after 24 hours. The resulting NPG was rinsed three times with water and then stored
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in water until use.
Electrical contacts were prepared by electron beam deposition of a 10 nm Ti adhesion layer followed
by 300 nm Au onto a Kapton polyimmide film (Dupont). Prior to electron beam deposition, 0.125 in. holes
were punched through each film to allow for access to both sides of the NPG. Lacquer was applied around
the edges of the NPG and allowed to dry, affixing the monoliths to the contacts.
Electrochemical polishing and surface area measurements were performed using cyclic voltammetry
in 0.5 m sulfuric acid with a Pine AFCBP1 potentiostat. All potentials are versus a mercury-mercury sulfate
(MSE) reference electrode. A Pt wire counter electrode was cleaned in 1:1 HNO3:H2O (v⁄v) heated to 50 C
and flame-annealed. Electrochemical polishing occurred between -0.6 and +1.1 V at a rate of 1 Vs 1 until
a reproducible voltammogram was obtained. A slower scan cyclic voltammogram at 5 mVs 1 was then
performed to obtain an upper limit for oxidation (i.e., where the last surface oxide formation peak ended,
generally +1 V). The surface area was then characterized by holding the potential at the upper limit until
the measured current decayed to 0 A followed by subsequent stripping of the formed oxide by holding the
potential at +0.2 V. Integration of the current passed during reduction provided the charge which was then
converted to surface area using the ratio of 0:772 mCcm 2.42
Scanning electron micrographs were taken with a Hitachi S-4700 SEM with an accelerating voltage of
30 kV in ultra-high resolution mode and a working distance of 6 mm.
5.4.3 UV-Visible Measurements
The NPG sealed on Kapton contact was sandwiched in a custom PTFE reservoir assembly that was fiber-
optically coupled to a StellarNet (Tampa, Florida) deuterium lamp and either an EPP-2000 or a Black Comet
spectrometer for UV-visible analysis with 400 µm solarization-resistant fiber optic patch cables (Thorlabs).
Light was collimated through 5.55 mm sapphire ball lenses (Edmund Optics). Each reservoir contained 1
mL of solution during measurements to avoid pressure-driven flow through the NPG. Salt solutions on the
feed side of the NPG membrane additionally contained 1 mm of either MV2+ or NDS2 – . For the detailed
electrolyte species studies, 100 mm of either BS– or pyridine was used as the tracer instead of MV2+ or
NDS2 – . A higher concentration was used because the molar extinction coefficient is significantly lower
for these species, and a higher concentration provides an increased flux. The tracers were monitored as
they passively diffused into the sink reservoir by monitoring their UV absorbance for a maximum of 30
minutes. Data collected during the first 5 minutes were not included in transport rate calculations to allow
for the tracer concentration within the NPG to equilibrate. The reservoirs were stirred with magnetic stir
bars for the duration of the measurements to ensure good mixing and prevent possible ion concentration
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polarization at the NPG faces.
MV2+ and NDS2 – measurements were performed by keeping the feed reservoir at a constant concentra-
tion and replacing the solution in the sink reservoir with the next higher concentration every 30 minutes.
For measurements with either BS– or pyridine, one reservoir was maintained at 1000 mm salt, while the
other reservoir concentration was varied between 100 µm and 1000 mm salt. Hereafter, the gradients con-
taining BS– or pyridine are annotated as [Feed] > [Sink] or [Feed] < [Sink] if a concentration of 1000 mm
electrolyte is maintained in the feed or sink reservoir, respectively. Additional BS– and pyridine mea-
surements where both reservoirs contained the same concentration of background electrolyte were also
performed and are annotated as [Feed] = [Sink].
One Ag/AgCl reference electrode (1 m KCl, CH Instruments) was immersed in each reservoir for the
duration of the UV-vis analysis. The potential between these electrodes was measured using a Kiethley
2100 multimeter (input resistance > 10 GΩ) every minute to observe the change in potential between the
reservoirs and ensure that conductivity was maintained throughout the experiment.
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Chapter 6
Towards Biomolecular Separations
using Nanoporous Gold
6.1 Introduction
The analysis of biomolecules, including proteins and DNA, is rapidly moving towards lab-on-a-chip de-
vices in an effort to minimize sample volume and sample loss while maintaining a low cost.1,2 While
some laboratories have focused on the analysis of biomolecules, including virus capsid sizing and DNA
sequencing,3–5 various other groups have explored methods of sample preconcentration and separations
in microfluidic devices towards this goal.2,6–9 One important application, currently receiving significant at-
tention, is chromatin immunoprecipitation (ChIP), a technique used for determining specific DNA-protein
binding interactions that regulate gene expression. Briefly, chromatin fragments bound to proteins are
selectively precipitated by specific antibodies, purified, and finally analyzed using procedures such as poly-
merase chain reaction (PCR).10 However, ChIP requires a large sample size, typically 106 to 107 cells, and
introduces a number of steps that may lead to sample loss.11,12 This prohibits the use of ChIP in applica-
tions where sample size is limited, such as for biopsies in a clinical setting, or where samples are highly
heterogeneous, as is the case for many cancer tumors.12,13
Herein, nanoporous gold (NPG) was explored as a tunable separations device with the capability of be-
ing scaled down to a microfluidic device. NPG has been previously used for biomolecular capture and has
shown promise in the field of drug delivery.14–17 Modulation of an electric potential applied to nanoporous
gold (NPG) membranes was used to direct a change in biomolecular transport through the pores with ap-
plications towards small volume separations. At length scales below 100 nm, interactions between solute
and surfaces depend strongly on the electrical double layer. Charged surfaces introduce an exclusion re-
gion where only counterions may exist; co-ions are repelled by the similarly charged surface. The most
commonly used method to alter the pore surface charge requires adjusting the pH of the solution, which
The efforts of John D. Orlet in obtaining some of the data presented in this chapter are gratefully acknowledged. Dr. Ivan L. Lenov
is also acknowledged for his support in collecting the size exclusion chromatography data in the Sligar laboratory.
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inhibits their use in biological applications.18–21 By tuning the translocation through NPG electrochemi-
cally, however, this limitation is removed. For applications such as ChIP, this translates to the ability to
selectively separate the desired fragments without the need for additional centrifugation and transfer steps
that quite often increase the required sample size.
To that end, initial studies of potential-controlled gateable transport through NPG will be used to sep-
arate biomolecules. Proteins and fluorescently-labelled DNA of known size and charge will be used to
characterize the system. Extension of this study to permit translocation of the larger DNA-protein com-
plexes relevant to applications such as ChIP will also require tuning pore size during NPG fabrication.
Additionally, a NPG-based separations membrane will be incorporated into a microfluidic device. This
would provide a means of scaling ChIP down to a “lab-on-a-chip” setting, further decreasing the amount
of sample required, and allowing for seamless integration with both upstream preparatory processes and
downstream analysis.22 The previously discussed fabrication techniques that require de-alloying of a large
Au alloy monolith may not be amenable to translation to a smaller platform. Microfabrication of NPG
with techniques such as electron beam deposition or co-sputtering Ag and Au alloys, will therefore be
examined.23
6.2 Protein Transport through NPG
Three proteins, lysozyme (Lys), bovine hemoglobin (BHg), and bovine serum albumin (BSA) were selected
for their different isoelectric points in order to study the effects of the NPG surface charge on protein
translocation. 10 mgmL 1 protein was dissolved in various concentrations of either Tris/Borate/EDTA
(TBE) buffer, phosphate buffer, or sodium chloride. In order to examine transport under low (pH=3) or
high (pH=11) conditions, the pH was adjusted via dropwise addition of HCl or NaOH, respectively. The
protein-containing solution was added to the feed reservoir and the corresponding protein-free solution
was added to the sink reservoir. Transport of the protein was monitored in real time via the fiber-optically
coupled StellarNet Black Comet UV-visible detector. Table 6.1 lists the pI and mass of each of the proteins
studied.
Table 6.1: List of the proteins used for flux measurement along with pI and mass of each protein.
Protein pI Mass (kDa)
Lysozyme (Lys) 11.4 14.3
Bovine hemoglobin (BHg) 6.8 64.5
Bovine serum albumin (BSA) 4.7 66.4
Self-assembled monolayers (SAMs) were prepared on the NPG surface by immersing each sample in
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thiol-containing solutions for at least 2 days. Proteins are often a significant source of biofouling in Au
electrode-based sensing modalities and SAMs, especially those incorporating a polyethylene glycol (PEG)
chain, have been shown to provide a biofouling-resistant surface coating.24,25 The NPG samples were elec-
trochemically polished in 0:5 m H2SO4 in order to remove any possible contaminants that may lead to
poor monolayer formation.26 The samples were rinsed well in ultrapure (18:2 MΩ cm) water prior to im-
mersion in 200 proof ethanol. “The highly efficient” (t.h.e.) desiccant was added to the ethanol in or-
der to ensure complete drying of the NPG samples, because the presence of water may cause the thiols
to oxidize, leading to poor surface coverage. 10 mm O-(2-mercaptoethyl)-O′-methylhexa(ethylene glycol)
(PEG), 6-mercaptohexanoic acid (-COOH), 6-mercapto-1-hexanol (-OH), or 1-hexanethiol (-CH3) in 200
proof ethanol solutions were used to functionalize the NPG for at least 2 days. An excess of alkane-thiol
was present to ensure sufficient surface coverage. During the functionalization, samples were kept in
individual containers surrounded by desiccant and blanketed with dry ultra high purity Ar gas. After
functionalization, the samples were rinsed well with 200 proof ethanol prior to rinsing with and immer-
sion in ultrapure water to wet the NPG. In some cases, electrowetting of the NPG was required in order to
draw water into the pores by applying a small ( 50 mV vs Ag/AgCl) potential to the NPG.27
As shown in Figure 6.1, protein flux through PEG-modified NPG was examined for each of the three
proteins in both acidic (pH=3) and basic (pH=11) 100 mm phosphate buffer with multiple potentials applied.
A transverse potential (E, in orange) was applied between the reservoirs in order to drive the proteins
across. In acidic conditions, all studied proteins should migrate towards the sink reservoir when E =
 1 V as most are in the positively-charged state. Likewise, under basic conditions, the proteins should be
negatively charged and migrate towards the sink reservoir when E =  1 V. An additional potential was
applied directly to the NPG (ENPG) in an attempt to gate translocation by imparting a different potential
field within the NPG membrane, but this small potential window was likely too far above or below the
potential of zero charge (pzc) of the NPG membrane to cause any significant changes. Figure 6.1 shows
that appreciable flux was only observed for Lys; the BHg and BSA absorbance traces appeared flat for the
duration of the runs. This was most likely due to the large size differences between the proteins (see Table
6.1). In fact, the use of NPG as a biofouling resistant electrode has been considered in the literature due to
its ability to screen larger molecules from the pore interior.28–30 Daggumati et al. has extensively examined
the exclusion of biofouling proteins from the interior of NPG in an effort to perform electrochemical DNA
assays in complex sample matrices. While quite successful, such results stand in stark contrast with the
Stine group, which has focused on protein transport through NPG, rather than exclusion.14,16,31 The NPG
geometry is therefore a strong determining factor in protein permeability.
The effect of different SAMs on the NPG surface was also examined. As Lys provided the greatest
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Figure 6.1: Lysozyme (Lys), bovine hemoglobin (BHg), and bovine serum albumin (BSA) flux through NPG
under both acidic (pH=3) and basic (pH=11) conditions. The UV absorbance trace at 260 nm is shown in
blue and the transverse potential, E, applied across the reservoirs is shown in orange.
change in flux with PEG-modified NPG, flux through NPG coated with SAMs prepared with varying termi-
nal moieties, carboxylic acid (-COOH), a hydroxyl group (-OH), and a methyl group (-CH3), was examined,
as shown in Figure 6.2. The -COOH group was pH dependent, becoming negatively charged in basic so-
lution. The -OH group should be pH independent, but still hydrophilic. The -CH3 group was hydrophobic
and was expected to decrease the overall area available for protein flux within the pores. Surprisingly, the
Lys flux showed the greatest fluctuations for the hydrophobic CH3-modified NPG under basic conditions.
At this pH, a significant amount (~30%) of the Lys is neutral, suggesting that a hydrophilic/hydrophobic
gating effect may be much more efficient than charge alone. Clearly, the surface functionality plays an
important role in protein translocation through NPG. While the remainder of this study focuses on the
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PEG-modified NPG for its well-known biocompatibility, future efforts should examine the effects of the
presented moiety in detail.
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Figure 6.2: Lysozyme flux through NPG coated with different SAMs. The UV absorbance trace at 260 nm
is shown in blue. Carboxylic acid (-COOH) presented a pH-dependent surface charge, the hydroxyl group
(-OH) presented a hydrophilic surface that was ideally independent of pH, and the methyl group (-CH3)
presented a hydrophobic surface. The applied transverse potential is shown in orange.
6.2.1 Size-Selective Behavior of NPG
As mentioned in the previous section, Lys was the only protein that showed a significant flux magnitude
with PEG-modified NPG (Figure 6.1). This was assumed to be due to the small pore diamater inhibiting
pore translocation for the larger BHg and BSA proteins.28,29 As a means of increasing throughput for the
larger proteins, efforts in altering the pore diameter were explored. Aqua regia could be used to etch the
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Au ligaments, but there was uncertainty in the homogeneity of the pore sizes through the NPG; aqua regia
could potentially etch the exterior pores to a greater extent than the interior pores due to the rate of aqua
regia permeation through the monolith. Rather, the NPG was annealed in a tube furnace to enlarge the
average pore diameter. This method had been explored previously and it was discovered that annealing
below the Au melting point causes surface Au to diffuse into the ligaments and subsequently widen the
pore diameters.32 Figure 6.3 shows a representative annealed NPG sample at 300 C for 2 hr along with the
BSA flux through as-prepared NPG (reproduced from Figure 6.1) compared to the BSA flux through the
annealed NPG sample. There was a large increase in flux when a positive transverse potential was applied
for the annealed sample as the steric hindrance for translocation has been decreased. For the larger proteins
and in performing separations of a complex mixture, a large pore size distribution may aid in preventing
complete inhibition of biomolecule translocation.
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Figure 6.3: (a) SEM image of a representative NPG sample after annealing at 300 C in a tube furnace for 2
hr. Note the larger pore sizes compared to the as-prepared NPG, as shown in Figure 2.1. (b) Flux of BSA
through an as-prepared NPG sample (blue) and after annealing NPG (orange) in response to an applied
transverse potential (listed at top of graph).
The size-dependent behavior was further verified by size-exclusion chromatography (SEC). A 10 mgmL 1
commercial protein ladder sample was placed in the feed reservoir and allowed to translocate through the
NPG to the sink reservoir over the course of 1 hr. Both the feed and sink reservoirs were then run through
a SEC column and the chromatograms shown in Figure 6.4 were obtained. The chromatogram of the sink
reservoir demonstrated a much larger ratio of the peak at 26.6 min, corresponding to the smaller proteins,
to the peak at 17.3 min, corresponding to the larger proteins. The results suggest a molecular weight cutoff
region for the NPG above which, protein transport was be greatly hindered.
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Figure 6.4: Normalized size exclusion chromatogram of the feed and sink solutions after a protein ladder
was added to the feed reservoir and allowed to translocate for at least 1 hr. The ratio of the peaks at
26.6 min and 17.3 min, corresponding to the relative concentrations of the small and large mass proteins,
respectively, was calculated for further comparison. Ratios of 0.302 and 3.15 were obtained for the feed
and sink solutions, indicating a strong preference for small protein translocation.
6.3 DNA Transport through NPG
Compared to protein flux through NPG, it was surprisingly much more difficult to induce translocation
of DNA through NPG. Although DNA is a popular analyte in much of the nanopore literature, especially
considering the recent commercialization of nanopore-based sequencing instrumentation, DNA transport
in previous studies is achieved only through very thin membranes, often below 100 nm in thickness.3,33–36
Our NPG membrane is instead 250 µm thick and also presents an incredibly tortuous path from one face
to the other. Attempts to translocate DNA in the presence of both AC and DC fields were performed using
a fluorescence detection with a 5 mW HeNe laser excitation source. By attaching the fiber optics to the
custom reservoir assembly at the 90° position, (see Figure C.7), an excitation maximum, λex, of 632 nm and
an emission maximum, λem, of 658 nm were obtained for a Cy5-labeled single-stranded DNA (ssDNA). As
shown in Figure 6.5, however, there was no discernible translocation in either electric field.
Compared to single, cylindrical or conical pores, NPG more closely resembles the geometry examined
by Cabodi and coworkers in their study of “entropic recoil”.37 Briefly, a series of pillars with nano-sized
constrictions separated two reservoirs. An AC field was applied across the reservoirs, inducing DNA trans-
port, as the negatively charged backbone encouraged DNA to migrate towards the cathode. In an AC field,
however, the electric field polarity is rapidly alternating, so the DNA is pulled in both directions. The
frequency of the applied AC field therefore dictated the distance the DNA traveled, with shorter strands
demonstrating an increased mobility. DNA was able to move within the porous structure while the AC
field was applied, but once the driving force was removed, any DNA remaining in the pores was fixed in
a high energy, entropically unfavored state due to the diminished degrees of freedom within the struc-
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Figure 6.5: Cy5-labeled ssDNA translocation in a 1 mm NaCl solution through PEG-modified NPG with
a (a) DC or (b) AC electric field applied across the reservoirs. Note that fluorescence data points were
obtained only every 15 min in order to prevent photobleaching of the Cy5 label.
ture. The small DNA strands diffused much more quickly than the longer strands and therefore were able
to completely thread through the porous structure at high frequencies. The longer strands, on the other
hand, would only thread partially through the structure before the AC field was removed and would then
be forcibly ejected from the structure. It is therefore likely that DNA translocation through NPG faces a
very high energy barrier due to the decreased entropy within the NPG geometry, prohibiting transport.
Preliminary experiments employing a salt gradient rather than an applied electric field have shown
some promise in DNA translocation. Figure 6.6 shows calf thymus DNA translocation through a PEG-
modified NPG sample with 10 mm KCl in the feed reservoir and 100 mm KCl in the sink reservoir. For
reference, an induced potential difference of +15 mV was recorded between the reservoirs for the duration
of the experiment.
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Figure 6.6: 0:1 mgmL 1 calf thymus DNA translocation through PEG-modified NPG with a 10:100 mm
(feed:sink) KCl salt gradient. Inset shows the full UV-visible absorption spectrum.
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6.4 Adaptation of Nanoporous Gold to Microfluidic Devices
6.4.1 Free-Standing NPG Leaf
Initial studies focused on modifying the membrane approach used by Bohn and Sweedler,38 whereby a
membrane was sandwiched between two slices of polydimethylsiloxane (PDMS) with microfluidic channels
oriented perpendicular to each other above and below the membrane. The 250 µm thick monoliths were
considered too thick to use in between the PDMS as they would lead to significant void spaces surrounding
the membrane through which transport could also occur. Instead, nanoporous Au leaf was used as it was
only 100 nm thick. Representative scanning electron micrographs are provided in Figure 6.7. The NPG
leaf was de-alloyed from a 100 nm AgAu foil (12K, Sepp Leaf Products, Inc.) for at least 10 minutes in
concentrated HNO3.
(a) (b)
Figure 6.7: Representative SEM image of NPG formed via free-corrosion de-alloying of 100 nm thick AuAg
leaf at (a) high and (b) low magnifications.
Due to its thinness, NPG formed from the alloy leaf was extremely fragile and required much care in
its preparation and subsequent use. The NPG was carefully scooped from the concentrated HNO3 prior to
floating in a water bath to thoroughly rinse the sample.39 PDMS pieces were then submerged underneath
the NPG and lifted up so that the leaf settled over the microfluidic channels. A representative NPG leaf
over microfluidic channels prepared from a mask in Figure C.9 is presented in Figure 6.8. The serpentine
geometry was used to maximize solution contact with the NPG face while maintaining structural support.40
Despite the care taken, the leaf was decidedly too fragile and would often either disintegrate or collapse
within the microfluidic channels.
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Figure 6.8: A representative NPG leaf over microfluidic channels sample. The NPG leaf was too fragile and
would often collapse within the channels.
Microfluidic Master and PDMS Preparation
Masters were prepared on 3 in. silicon wafers via photolithographic patterning of SU-8 2050. SU-8 2050
(MicroChem Corp.) was spin coated on the wafer with the following steps, in order:
1. 500 RPM for 5 s with 100 RPMs 1 ramp
2. 1750 RPM for 30 s with 300 RPMs 1 ramp
3. 0 RPM with 200 RPMs 1 ramp
This program provided a height of approximately 90 µm according to the MicroChem Corp. datasheet.
Heat treatment post spin-coating was performed at 65 C for 5 min followed by 20 min at 95 C on a bench-
top hotplate. A photomask designed in AutoCAD (see Figure C.9 and Figure C.10) was taped to a quartz
plate prior to placing directly on top of the SU-8 coated wafer. The wafer was exposed to UV light from a
UV LED light source at 100% power for 30s. A postbake was performed at 65 C for 5 min followed by 10
min at 95 C. Excess uncured SU-8 was removed by immersing the wafer in propylene glycol monomethyl
ether acetate (PGMEA) for 10 minutes, followed by further rinsing with PGMEA and isopropyl alcohol.
The wafer was dried with N2 gas and the master was inspected under a stereoscope for deformities.
PDMS was prepared by mixing 9 g PDMS and 1 g curing agent for a 9:1 ratio in a plastic weigh boat
with a wooden tongue depressor. The mixture was then degassed in a vacuum desiccator for 10-20 min
until the bubbles were gone. The SU-8 master was then placed, feature side up, at the bottom of a plastic
(plastic must be used as PDMS will irreversibly bond to glass) evaporating dish. The PDMS mixture was
slowly poured onto the center of the master. The PDMS was allowed to cure in a 70 C oven for at least
1 hr. The cured PDMS was peeled from the master with the aid of a razor blade and blunt syringe tips were
used to puncture the PDMS where inlet and outlet ports are desired. In order to bond PDMS to a glass
substrate or to another PDMS sample, the PDMS was O2 plasma-treated under low vacuum with O2 gas
leaked in to the chamber for at least 2 min.
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6.4.2 Microfabrication of NPG
In order to increase durability of the NPG-integrated microfluidics, the NPG could be deposited on a rigid
substrate with PDMS reservoirs on either end of the deposited NPG. The co-deposition of AgAu alloys
for subsequent de-alloying has found use in electrochemical studies.41,42 Figure 6.9 shows a schematic of
the proposed fabricated device in the present study. A soda-lime glass microscope slide was masked with
Kapton tape. A 10 nm adhesion layer of either Ti or Cr was deposited followed by deposition of an AgAu
layer. Immersion of the fabricated device in concentrated HNO3 for 10 min created a red structure. Finally,
a PDMS device could be placed over the resulting film in order to create a reservoir assembly similar to
those discussed in prior chapters.
(a) adhesion layer deposition
(b) AgAu alloy deposition
(c) photomask removal
(d) de-alloy in HNO3
(e) PDMS overlay
Figure 6.9: Schematic representation of desired microfluidic device fabrication. (a) An adhesion layer of
either Cr or Ti is deposited on the substrate. (b) The AgAu alloy is deposited either through co-deposition
or layered followed by a subsequent annealing step. (c) The photomask is removed. (d) Immersion in
concentrated HNO3 de-alloys in AgAu. (e) PDMS is prepared and sealed over the surface of the deposit,
forming two reservoirs on either end.
Layer-by-Layer Electron Beam Deposition
Au and Ag layers were grown sequentially on the glass substrate using electron bead deposition, as the
local facilities at the Frederick Seitz Materials Research Laboratory did not currently support dual electron
beam deposition. A 10 nm Ti adhesion layer was evaporated onto the glass substrates. 50 nm Au was then
evaporated in order to form the first layer of Au as well as provide a barrier between the alloy and the
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adhesion layer. Evaporation of Ag and Au was then alternated to provide two 42 nm Ag layers with an 18
nm Au layer in between. The growth of more layers would provide a thicker substrate, but the alternating
process was very time-intensive, as the sources need time to cool prior to switching. In order to sufficiently
mix the deposited layers for de-alloying, the samples were annealed in a Rapid Thermal Anneal (RTA) tube
furnace. The furnace was stepped up to 500 C, as any higher would cause the soda-lime glass microscope
slides to melt (melting temperature of 550 C). N2 process gas was used for the duration of the 10 min
anneal to prevent surface oxides from forming. Cooling occurred under N2 gas. Figure 6.10 shows SEM
images of the resulting deposit after de-alloying both an as-deposited sample and an annealed sample.
(a) (b)
Figure 6.10: SEM images of de-alloyed (a) as-deposited and (b) annealed electron beam evaporated AgAu
on glass with a Ti adhesion layer.
There did appear to be some porosity, or at the very least pitting, of the sample in Figure 6.10b compared
to the sample in Figure 6.10a. Although this indicated that the annealing step is necessary, as otherwise the
Ag layers simply delaminated from the Au underlayers, the sample did not develop the desired nanoporos-
ity exhibited in the 250 µm thick monoliths. Energy dispersive x-ray (EDX) spectroscopy was performed
on the resulting samples, as shown in Figure 6.11. The samples prior to de-alloying (Figure 6.11a,b) appear
to be compositionally similar, as expected. De-alloying of the annealed sample in Figure 6.11d still shows
a Ag peak, however, compared to the EDX spectrum of the non-annealed sample in Figure 6.11c.
The elemental composition of the samples in Figure 6.11 are summarized in Table 6.2. Both the as-
prepared and annealed samples are nearly 70% Au and 30% Ag, which is close to the parting limit of AgAu
alloys.43 As such, the annealed sample may have passivated before fully de-alloying, as evidenced by the
54% Ag remaining after HNO3 immersion.
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(a) (b)
(c) (d)
Figure 6.11: EDX spectra of (a) as-prepared and (b) annealed at 500 C AgAu alloys on glass, along with
(c,d) corresponding EDX spectra of the respective samples post-HNO3 immersion for at least 15 min.
Bulk Electron Beam Deposition
In order to better control the AgAu ratio of the resulting deposit, 50 nm Au followed by 200 nm Ag was
deposited on top of a 15 nm Ti adhesion layer, rather than alternating the Ag and Au deposition steps.
Initial thought assumed that the alternating layers would improve the mixing during the annealing step,
but, as Figure 6.12 shows, there appeared to be significant ligament growth with just a thick Ag layer on
top of the Au. Furthermore, the Ag peak seemed to be fully removed after de-alloying (Figure 6.13). Table
6.3 lists the exact ratios obtained prior to and after de-alloying the bulk electron beam deposited sample.
Initially, the sample appeared to be 90% Ag. The presence of a Si peak in Figure 6.13b and lack of a Si peak
in Figure 6.13a, however, suggests that the sample is much thinner after de-alloying. In this fabrication
scheme, it is therefore most likely that mixing did indeed occur at the AgAu interface, but the bulk of the
sample above the glass was not mixed. The electron beam did not penetrate deep enough into the sample
and was instead only measuring the surface composition, providing the Ag0.90Au0.10 ratio in Table 6.3.
An image of the resulting deposits is provided in Figure 6.14. The deposits were “T”-shaped as a larger
section external to the channel was desired for electrical contact within the microfluidic device. The edges
of each sample were very rough and a faded region was present where the NPG had delaminated. A much
more durable adhesion layer was therefore required.
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Table 6.2: EDX elemental composition of the samples analyzed in Figure 6.11.
Element Line Intensity (c/s) Atomic % wt. %
As-prepared
Ag La 91.43 69.434 55.437
Au Ma 145.15 30.566 44.563
As-prepared post-dealloy
Ag La 2.32 4.920 2.756
Au Ma 210.62 95.080 97.244
Annealed
Ag La 69.29 64.366 49.729
Au Ma 142.80 35.634 50.271
Annealed post-dealloy
Ag La 77.92 54.875 39.975
Au Ma 251.33 45.125 60.025
Figure 6.12: Bulk electron beam evaporated AgAu alloy on glass substrate following thermal anneal and
subsequent de-alloying in concentrated HNO3.
(a) (b)
Figure 6.13: EDX spectra of (a) as-prepared and (b) de-alloyed AgAu alloys on glass.
Co-sputtered AgAu Alloy
To alleviate the issue of insufficient mixing, Ag and Au can be co-deposited so that an additional annealing
step is rendered unnecessary. While a prepared AgAu source would be ideal, the use of two independent
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Table 6.3: EDX elemental composition of the samples analyzed in Figure 6.13.
Element Line Intensity (c/s) Atomic % wt. %
As-prepared
Ag La 55.46 89.614 82.534
Au Ma 23.96 10.386 17.466
De-alloyed
Ag La 5.92 26.572 16.540
Au Ma 69.25 73.428 83.460
Figure 6.14: De-alloyed NPG on glass prepared via bulk electron beam deposition. The red circle denotes
an example of delamination.
targets set to the appropriate power ratios for an alloy below the parting limit is also acceptable.
The base chamber pressure of the AJA Sputter Coater was maintained at 3 µtorr. Ar process gas was
used at a rate of 5.9 SCCM (cm3 min 1). Cr was deposited at a DC power of 120 W for a rate of ~1 Ås 1. A
thickness of 29 Å was obtained. Instrumental limitations for co-deposition required the use of DC power
for one target and AC for the other. The Au gun was powered first at a DC power of 15 W to begin the
plasma followed by stepping back to 3 W. Deposition occurred at a rate of 0:8 Ås 1. A thin layer of Au was
desired so that a protection layer between the Cr and alloy was present. The Ag gun was powered with AC
power at 40 W for a rate of 1:2 Ås 1. The rate of Ag was maintained higher than Au so that the alloy was
sufficiently Au deficient as to permit complete de-alloying.43 As the crystal used for estimating deposition
thickness was only calibrated for Au, an exact thickness could not be determined during the deposition
process. The sputtering was allowed to proceed for 50 min. At a total combined rate of roughly 2 Åmin 1,
the final thickness was estimated to be 150 nm.
EDX spectra and the corresponding compositional analysis are provided in Figure 6.15 and Table 6.4,
respectively. Unfortunately, with the parameters described above, the AgAu ratio was well above the part-
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ing limit. Although an attempt at de-alloying was performed, it is clear from Table 6.4 that the composition
did not change significantly after immersion in concentrated HNO3. A different deposition ratio could be
attempted, but the Au plasma was too difficult to maintain at the low power (3 W) used and the Ag power
would therefore need to be increased.
(a) (b)
Figure 6.15: EDX spectra of (a) as-prepared and (b) dealloyed co-sputtered AgAu alloy on glass with a Cr
adhesion layer.
Table 6.4: EDX elemental composition of the as-prepared and de-alloyed sputter- coated NPG samples.
Element Line Intensity (c/s) Atomic % wt. %
As-prepared
Ag La 75.30 58.493 43.559
Au Ma 205.65 41.507 56.441
De-alloyed
Ag La 88.55 62.585 47.810
Au Ma 199.13 37.415 52.190
6.5 Future Outlook
This chapter provided only recent work regarding NPG for biomolecular transport modulation and the
scaling down of NPG membranes in a microfluidic device. As such it should serve as a useful starting point
for the continuation of the project. Protein flux through NPG seems to be a viable path in the near future
for further development of the NPG as a membrane material, as comprehensive studies of surface func-
tionalization combined with tunable pore sizes have shown the most promising results. Transport of DNA,
on the other hand, presents quite a challenge and other, more fundamental studies are required in order
to truly understand the difficulties encountered. As mentioned in Section 6.3, the entropically unfavor-
able conditions within the tortuous geometry are most likely the major contributing factor towards DNA
flux inhibition. Studies considering the transport of simple linear and branched polymers may therefore
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provide significant insight as to how the flexibility of the analyte influences transport.
In terms of microfluidic advances, AgAu alloys have previously been microfabricated successfully. In
the present study, instrumental capabilities seemed to be the major factors limiting our fabrication. Using
a single, prefabricated AgxAu1-x target should allow for much better control over the alloy composition
on the substrate. Another alternative not considered in the present study involves the electrochemical
deposition of AgAu alloys. Electrochemical reduction of Ag and Au from a sodium thiosulfate/thiosulfite
solution has been shown to provide adequate control over the resulting composition of the alloy and sub-
sequent de-alloying has demonstrated the desired nanoporosity.44 In order to develop our microfluidic
device, the evaporation or sputtering of an Au underlayer could provide a conductive substrate on which
to electrochemically grow such an alloy.
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Chapter 7
Conclusions
Nanopores have transformed current practices in DNA sequencing. From their humble beginnings as
bacterial secretions, they have grown to become finely tunable, microfabricated machines.
To that history, we append free-standing, electrically accessible nanoporous gold monoliths. A material
known for its high surface area, NPG has proven to be a fantastic catalyst substrate as well as a biomolecular
capture agent. The present study capitalized on these features in order to examine dynamic, in situ control
over membrane transport. Fabrication of NPG membranes is incredibly simple, requiring only a few days
time to achieve a highly porous substrate. Well-known Au surface modification via thiol self-assembled
monolayer chemistry permitted modulation of molecular translocation rates either electrochemically or
by altering solution pH.
The background electrolyte was also found to dictate ion advection. When a salt gradient was imposed
across the NPG membrane, molecular translocation rates changed dramatically. In addition to the induced
potential arising from the Gibbs-Donnan effect, the osmostic pressure and fluid motion were able to either
enhance or diminish molecular flux in a process known as diffusioosmosis. While not touched upon in the
present work, this suggests that NPG may have potential future applications in desalination.
While still in its infancy, initial studies attempting biomolecular separations have shown the true ver-
satility of NPG. The pore sizes of the prepared NPG demonstrated a molecular weight cutoff region for
proteins while the tortuous geometry significantly limited DNA translocation. Altering the surface func-
tional groups tethered to the NPG surface has shown to have a strong effect on biomolecule transport and
should be studied in futher detail.
The facile transition to microfluidic devices will only serve to improve personalized medicine. The
proposed route in this thesis faced numerous challenges, but most, if not all, were caused by instrumental
limitations. Numerous examples of NPG microfabrication are present in the literature and further devel-
opment will only aid in reaching our ultimate goal: performing dynamic small volume separations in a
microfluidic device.
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Appendix A
COMSOL Reports
A.1 NPG Interior Diffusion
1 Global Definitions 
Date Jun 27, 2015 1:06:20 PM  
Global settings 
Name NPG with imported geometry with laminar flow.mph 
Path /home/dmccurr2/windows-share/Documents/COMSOL/15.07.20/NPG 
with imported geometry with laminar flow.mph 
COMSOL version COMSOL 5.2 (Build: 220)  
Used products 
COMSOL Multiphysics 
Batteries & Fuel Cells Module 
Microfluidics Module  
1.1 Parameters 1 
Parameters 
Name Expression Value Description 
surfq -0.0001[C/m^2] −1E−4 C/m² surface charge 
density 
bulk 100[mol/m^3] 100 mol/m³ bulk 
concentration 
debye (0.304e-
9/sqrt(bulk/1000[mol/m^3]))[m] 
9.6133E−10 m debye length 
zeta surfq*debye/(ewater*e0) −1.3555E−4 V zeta potential 
e0 8.854187817e-12[F/m] 8.8542E−12 F/m vacuum 
permittivity 
ewater 80.1 80.1 relative 
permittivity of 
water 
avo 6.022e23[1/mol] 6.022E23 1/mol Avagadro's 
number 
e 1.60217657e-19[C] 1.6022E−19 C elementary 
charge 
Esink 1[V] 1 V Potential in sink  
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2 Component 1 
2.1 Definitions 
2.1.1 Selections 
cln1x 
Selection type 
Explicit  
Selection 
No boundaries  
2.1.2 Coordinate Systems 
Boundary System 1 
Coordinate system type Boundary system 
Tag sys1  
2.2 Geometry 1 
 
Geometry 1 
Units 
Length unit m 
Angular unit deg  
2.3 Materials 
2.3.1 Water 
 
Water 
Selection 
Geometric entity level Domain 
Selection Domains 1, 8  
2.3.2 Au - Gold 
 
Au - Gold 
Selection 
Geometric entity level Domain 
Selection Domains 2–7  
2.4 Transport of Diluted Species 
 
Transport of Diluted Species 
Equations 
 
 
 
Features 
Transport Properties 1 
No Flux 1 
Initial Values 1 
Concentration 1 
Concentration 2 
Open Boundary 1  
2.4.1 Transport Properties 1 
Equations 
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 2.4.2 No Flux 1 
Equations 
 
2.4.3 Concentration 1 
Equations 
 
2.4.4 Concentration 2 
Equations 
 
2.4.5 Open Boundary 1 
Equations 
 
 
2.5 Electrostatics 
 
Electrostatics 
Equations 
 
 
Features 
Charge Conservation 1 
Zero Charge 1 
Initial Values 1 
Surface Charge Density 1 
Electric Potential 1 
Electric Potential 2 
Space Charge Density 1  
2.5.1 Charge Conservation 1 
Equations 
 
 
2.5.2 Zero Charge 1 
Equations 
 
2.5.3 Surface Charge Density 1 
Equations 
 
2.5.4 Electric Potential 1 
Equations 
 
2.5.5 Electric Potential 2 
Equations 
 
2.5.6 Space Charge Density 1 
Equations 
 
2.6 Laminar Flow 
 
Laminar Flow 
Equations 
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 Features 
Fluid Properties 1 
Wall 1 
Initial Values 1 
Open Boundary 1  
2.6.1 Fluid Properties 1 
Equations 
 
 
 
2.6.2 Wall 1 
Equations 
 
2.6.3 Open Boundary 1 
Equations 
 
2.7 Mesh 1 
 
Mesh 1 
3 Study 2 
Computation information 
Computation 
time 
 
CPU Intel(R) Xeon(R) CPU E5-4650 0 
@ 2.70GHz, 32 cores 
Operating Linux 
system  
3.1 Parametric Sweep 
Parameter name Parameter value list 
surfq range(-0.005,0.0025,0.005) 
bulk 10^{range(-1,1,3)} 
Esink range(2,-1,-2)  
3.2 Stationary 
Study settings 
Description Value 
Include geometric nonlinearity Off  
Physics and variables selection 
Physics interface Discretization 
Transport of Diluted Species (tds) physics 
Electrostatics (es) physics 
Laminar Flow (spf) physics  
Mesh selection 
Geometry Mesh 
Geometry 1 (geom1) mesh1  
4 Results 
4.1 Data Sets 
4.1.1 Study 2/Solution 1 
Solution 
Description Value 
Solution Solution 1 
Component Save Point Geometry 1  
 
Data set: Study 2/Solution 1 
4.1.2 Cut Line 2D 1 
Data 
Description Value 
Data set Study 2/Solution 1 
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 Line data 
Description Value 
Line entry method Two points 
Points {{0, 1.5e-7}, {4e-7, 1.5e-7}} 
Bounded by points Off  
Advanced 
Description Value 
Space variable cln1x  
 
Data set: Cut Line 2D 1 
4.1.3 Parametric Extrusion 2D 1 
Data 
Description Value 
Data set Study 2/Solution 1  
Settings 
Description Value 
Level scale factor 2.000000000000001E-8  
 
Data set: Parametric Extrusion 2D 1 
4.1.4 Cut Plane 1 
Data 
Description Value 
Data set Parametric Extrusion 2D 1  
Plane data 
Descriptio
n 
Value 
Plane type General 
Plane 
entry 
method 
Three points 
Points {{2.0E-7, 1.5E-7, 2.0E-7}, 
{0.7989200000000002, 1.5E-7, 
0.601435}, {-0.03837600000000001, 
0.9979620000000001, 
0.05097730000000001}}  
Advanced 
Description Value 
Space variables {cpl1x, cpl1y}  
4.1.5 -5 mC Q 
Data 
Description Value 
Data set Study 2/Solution 1  
Settings 
Description Value 
Level scale factor 1.0000000000000005E-7  
 
Data set: -5 mC Q 
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5 Plot Groups 
5.1.1 Concentration (tds) 
 
1: surfq=-0.005, bulk=0.1, Esink=2 Surface: 
Concentration (mol/m3) 
5.1.2 Electric Potential (es) 
 
1: surfq=-0.005, bulk=0.1, Esink=2 Surface: Electric 
potential (V) 
5.1.3 Laminar Flow 
 
1: surfq=-0.005, bulk=0.1, Esink=2 Arrow Surface: 
Velocity field 
5.1.4 1D Plot Group 5 
 
Line Graph: log(BS) 
5.1.5 3D Plot Group 6 
 
Surface: Concentration (mol/m3) 
5.1.6 2D Plot Group 7 
 
91: surfq=0.0025, bulk=100, Esink=2 Surface: 
Concentration (mol/m3) Surface: Concentration 
(mol/m3) 
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5.1.7 logBS 
 
log(BS) 
5.1.8 E 
 
E 
5.1.9 LAMINAR 
 
Laminar flow (m/s) 
5.1.10 2D Plot Group 12 
 
91: surfq=0.0025, bulk=100, Esink=2 
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A.2 Single Pore Approximation
 
 
1 Global Definitions 
Date Apr 21, 2016 10:22:08 PM 
 
Global settings 
Name NPG porous media with EOF using transport module single porous pore approx, 
conductivity.mph 
Path /home/dmccurr2/windows-share/Documents/COMSOL/16.04.21/NPG porous 
media with EOF using transport module single porous pore approx, 
conductivity.mph 
COMSOL version COMSOL 5.2 (Build: 220) 
 
Used products 
COMSOL Multiphysics 
AC/DC Module 
Batteries & Fuel Cells Module 
CFD Module 
 
1.1 Parameters 1 
Parameters 
Name Expression Value Description 
T 298.15[K] 298.15 K temperature 
D_cat 1.957e-9[m^2/s] 1.957E−9 m²/s cation diffusion coef 
D_an 2.032e-9[m^2/s] 2.032E−9 m²/s anion diffusion coef 
D_trace 6.56e-10[m^2/s] 6.56E−10 m²/s tracer diffusion coef 
dE -0.0225[V] −0.0225 V induced potential 
c_feed 999[mol/m^3] 999 mol/m³ feed conc 
c_sink 10[mol/m^3] 10 mol/m³ sink conc 
c_trace 0.333[mol/m^3] 0.333 mol/m³ tracer conc 
eps_p 0.5 0.5 Porosity 
a 25[nm] 2.5E−8 m Average pore radius 
eps_w 80.2*epsilon0_const 7.1011E−10 F/m Electric permittivity 
eta 1e-3[Pa*s] 0.001 Pa·s Dynamic viscosity 
k_p eps_p*a^2/(8*eta) 3.9063E−14 m³·s/kg Prefactor, flow-velocity 
pressure term 
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Name Expression Value Description 
k_V eps_p*eps_w*E_NPG/eta 3.0179E−8 m²/(V·s) Prefactor, flow-velocity 
electroosmotic term 
perm (2*a)^2 2.5E−15 m² permeability 
zn 1 1 tracer charge 
E_NPG 0.085[V] 0.085 V NPG surface potential 
Rt 25e-9[m] 2.5E−8 m pore radius 
Lcat 73.48e-4[m^2*S*mol^ - 1] 0.007348 s³·A²/(kg·mol) conductivity from cation 
Lan 76.31e-4[m^2*S*mol^ - 1] 0.007631 s³·A²/(kg·mol) conductivity from anion 
I_sink c_sink 10 mol/m³ Sink ionic strength 
I_feed (c_feed*2 + c_trace*4 + 
c_trace*2)/2 
1000 mol/m³ Feed ionic strength 
t dE/dE_exp −0.19016 transport coefficient 
dE_exp -
R_const*T/F_const*log(I_sink
/I_feed) 
0.11832 V expeced dE 
p_feed I_feed*R_const*T 2.479E6 J/m³  
p_sink I_sink*R_const*T 24790 J/m³  
surfq -1e-9[C/m^2] −1E−9 C/m²  
 
2 Component 1 
2.1 Definitions 
2.1.1 Variables 
Variables 1 
Selection 
Geometric entity level Entire model 
 
Name Expression Unit Description 
k 1/sqrt((eps_w*k_B_const*T)/(2*N_A_const*(e_const^2)*I)) 1/m debye length 
I 0.5*(cat + an + tracer*zn^2) mol/m^3 ionic strength 
sigma -
sqrt(8*(abs(cat)/1000)*eps_w*R_const*T)*sinh((1*e_const
*E_NPG)/(2*k_B_const*T)) 
C/m^2 surface charge 
density 
r_eo k_V*Vr m/s electro-
osmotic term, 
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Name Expression Unit Description 
r 
z_eo k_V*Vz m/s electro-
osmotic term, 
z 
rho cat*F_const + an*F_const* - 1 + tracer*F_const*2 C/m^3 space charge 
density 
lambda (2*(0.5*abs(cat + 
an)/1000*1[1/mol]*e_const^2)/(eps_w*k_B_const*T))^(-
1/2) 
m debye length 
ai Rt/lambda  Length scale vs 
Debye Length 
zeta surfq*lambda/eps_w V  
 
 
2.1.2 Component Couplings 
Integration 1 
Coupling type Integration 
Operator name intop1 
 
Integration 2 
Coupling type Integration 
Operator name intop2 
 
2.1.3 Coordinate Systems 
Boundary System 1 
Coordinate system type Boundary system 
Tag sys1 
 
2.2 Geometry 1 
 
Geometry 1 
Units 
Length unit m 
Angular unit deg 
 
2.3 Materials 
2.3.1 Water, liquid 1 
 
Water, liquid 1 
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Selection 
Geometric entity level Domain 
Selection Domains 1–7 
 
2.4 Creeping Flow 
 
Creeping Flow 
Equations 
 
 
 
 
Features 
Fluid Properties 1 
Initial Values 1 
Axial Symmetry 1 
Wall 1 
Open Boundary 1 
 
2.4.1 Fluid Properties 1 
Equations 
 
 
 
2.4.2 Wall 1 
Equations 
 
2.4.3 Open Boundary 1 
Equations 
 
2.5 Transport of Diluted Species 
 
Transport of Diluted Species 
Equations 
 
 
 
Features 
Transport Properties 1 
Axial Symmetry 1 
No Flux 1 
Initial Values 1 
Initial Values 2 
Concentration 1 
Concentration 2 
Transport Properties 2 
 
2.5.1 Transport Properties 1 
Equations 
 
 
2.5.2 No Flux 1 
Equations 
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2.5.3 Concentration 1 
Equations 
 
2.5.4 Concentration 2 
Equations 
 
2.5.5 Transport Properties 2 
Equations 
 
 
2.6 Electrostatics 
 
Electrostatics 
Equations 
 
 
Features 
Charge Conservation 1 
Axial Symmetry 1 
Zero Charge 1 
Initial Values 1 
Surface Charge Density 1 
Ground 1 
Terminal 1 
 
2.6.1 Charge Conservation 1 
Equations 
 
 
2.6.2 Zero Charge 1 
Equations 
 
2.6.3 Surface Charge Density 1 
Equations 
 
2.6.4 Ground 1 
Equations 
 
2.6.5 Terminal 1 
Equations 
 
2.7 Meshes 
2.7.1 Mesh 1 
 
Mesh 1 
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2.7.2 Mesh 2 
 
Mesh 2 
3 Study 1 
Computation information 
Computation 
time 
2 min 36 s 
CPU Intel(R) Xeon(R) CPU E5-4650 
0 @ 2.70GHz, 32 cores 
Operating 
system 
Linux 
 
4 Study 2 
Computation information 
Computation 
time 
15 min 18 s 
CPU Intel(R) Xeon(R) CPU E5-4650 
0 @ 2.70GHz, 32 cores 
Operating 
system 
Linux 
 
4.1 Time Dependent 
Study settings 
Description Value 
Include geometric nonlinearity Off 
 
Times Unit 
0,10^{range(-3,0)} s 
 
Physics and variables selection 
Physics interface Discretization 
Creeping Flow (spf) physics 
Transport of Diluted Species 
(tds) 
physics 
Electrostatics (es) physics 
 
Mesh selection 
Geometry Mesh 
Geometry 1 (geom1) mesh2 
 
5 Results 
5.1 Data Sets 
5.1.1 Study 1/Solution 1 
Solution 
Description Value 
Solution Solution 1 
Component Save Point Geometry 1 
 
 
Data set: Study 1/Solution 1 
5.1.2 Revolution 2D 1 
Data 
Description Value 
Data set Study 1/Solution 1 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
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Revolution layers 
Description Value 
Start angle -90 
Revolution angle 225 
 
 
Data set: Revolution 2D 1 
5.1.3 Revolution 2D 2 
Data 
Description Value 
Data set Study 1/Solution 1 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
 
Data set: Revolution 2D 2 
5.1.4 No Solution (2) 
Solution 
Description Value 
Component Geometry 1 
 
 
Data set: No Solution (2) 
5.1.5 Revolution 2D 3 
Data 
Description Value 
Data set No Solution (2) 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
Revolution layers 
Description Value 
Start angle -90 
Revolution angle 225 
 
 
Data set: Revolution 2D 3 
5.1.6 Revolution 2D 4 
Data 
Description Value 
Data set No Solution (2) 
 
Axis data 
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Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
 
Data set: Revolution 2D 4 
5.1.7 No Solution (3) 
Solution 
Description Value 
Component Geometry 1 
 
 
Data set: No Solution (3) 
5.1.8 Revolution 2D 5 
Data 
Description Value 
Data set No Solution (3) 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
Revolution layers 
Description Value 
Start angle -90 
Revolution angle 225 
 
 
Data set: Revolution 2D 5 
5.1.9 Revolution 2D 6 
Data 
Description Value 
Data set No Solution (3) 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
 
Data set: Revolution 2D 6 
5.1.10 Study 2/Solution 2 
Solution 
Description Value 
Solution Solution 2 
Component Save Point Geometry 1 
Frame Material  (r, phi, z) 
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Data set: Study 2/Solution 2 
5.1.11 Revolution 2D 7 
Data 
Description Value 
Data set Study 2/Solution 2 
 
Axis data 
Description Value 
Axis entry method Two points 
Points {{0, 0}, {0, 1}} 
 
Revolution layers 
Description Value 
Start angle -90 
Revolution angle 225 
 
 
Data set: Revolution 2D 7 
5.2 Plot Groups 
5.2.1 Electric Potential (es) 
 
Time=0 s Surface: Electric potential (V) 
5.2.2 Electric Potential, Revolved Geometry 
(es) 
 
Surface: Electric potential (V) 
5.2.3 1D Plot Group 5 
 
Line Graph: Concentration (mol/m3) 
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5.2.4 1D Plot Group 6 
 
Line Graph: Electric potential (V) 
5.2.5 Concentration (tds) 2 
 
Time=0 s Surface: Concentration (mol/m3) 
5.2.6 Concentration (tds) 3 
 
Time=0 s Surface: Concentration (mol/m3) 
5.2.7 2D Plot Group 9 
 
Time=0 s Arrow Line: Convective flux 
5.2.8 1D Plot Group 10 
 
Line Graph: cat*Lcat+an*Lan (S/m) 
5.2.9 2D Plot Group 11 
 
Surface: cat*Lcat+an*Lan (S/m) 
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Appendix B
LabVIEW Diagrams
B.1 Pine AFCBP1 Bipotentiostat Control
The Pine AFCBP1 bipotentiostat was connected to a PCI-6040E (PCI-MIO-16E-4) interface board. Control
of the potentiostat could then be determined by the 8 digital output ports with potential offsets of each
working electrode set by 2 analog output ports. Potential and current data could then be retrieved through
analog input ports. Digital control of the potentiostat was performed by sending a 64 byte message packet
to the potentiostat along the 8 digital I/O lines. Further information regarding the packet content and
timing can be found on the Pine website, http://www.voltammetry.net. The source code, written in C and
provided by Pine with the potentiostat, was adapted to LabVIEW as shown in the following images:
Figure B.1: SubVI to read analog data from AFCBP1 bipotentiostat.
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Figure B.2: SubVI to automatically send AFCBP1 potentiostat commands if they changed since last call.
125
Figure B.3: SubVI for digital communications with Pine AFCBP1 potentiostat. Adapted from instrument
software source code.
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Figure B.3: (continued) SubVI components for digital communcations with the Pine AFCBP1 bipotentiostat.
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Figure B.4: SubVI included in AFCBP1 digital communications SubVI (Figure B.3) to compute the checksum
of the message packet being sent to the potentiostat. Adapted from Pine AFCBP1 software source code.
128
B.2 Transverse and NPG Electric Potential Control
The potential to the cell was controlled using custom software that applied an array of potentials for pro-
vided amounts of time. The program would record both the applied potential and the measured current.
Figure B.5: Front panel display of custom Pine AFCBP1 software. Potentials can be either applied or
measured for a set amount of time, depending if mode is set to “Apply E” or “OCP”, respectively.
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Figure B.6: Block diagram for the custom Pine AFCBP1 software.
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Figure B.6: (continued) Block diagram components for the custom Pine AFCBP1 software.
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Figure B.6: (continued) Block diagram components for the custom Pine AFCBP1 software.
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B.3 UV-Vis and Potential Difference Measurement
Salt gradient measurements required synchronized data collection of both the potential difference across
the reservoirs and the UV-visible absorbance spectrum. This VI did not use the Pine AFCBP1 subVI as it
was only for passive measurement. Instead, this program was interfaced with the StellarNet Black Comet
spectrometer and Kiethley 2100 multimeter.
Figure B.7: Front panel for synchronized UV-visible and potentiometric measurements using the StellarNet
Black Coment spectrometer and Kiethley 2100 multimeter.
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(continued on next page)
Figure B.8: Block diagram for synchronized UV-visible and potentiometric measurements.
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(continued on next page)(continued from previous page)
Figure B.8: (continued) Block diagram for synchronized UV-visible and potentiometric measurements.
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(continued from previous page)
Figure B.8: (continued) Block diagram for synchronized UV-visible and potentiometric measurements.
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Figure B.8: (continued) Block diagram components for synchronized UV-visible and potentiometric mea-
surements.
137
Figure B.8: (continued) Block diagram components for synchronized UV-visible and potentiometric mea-
surements.
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Appendix C
CAD Diagrams
Membrane Holder
Dan McCurry
Material: PTFE
Units: Inches
Last Edited: May 26, 2012
(Note edits in lab notebook on
May 29, 2012)
0.125" corner holes drilled through
0.250" center hole drilled through
0.125" groove milled aroundcenter
hole 0.0625" deep, both sides
0.1389
0.3750
0.5000
0.6250
0.7500
0.8750
1.1111
1.2500
0.1389
0.3750
0.5000
0.6230
0.7500
0.8750
1.1111
1.2500
0.06250.0938
0.1563
0.0764
0.2014
0.3750
0.5000
0.7500
0.8125
0.8750
0.4375
1.0486
1.1736
1.2500
Figure C.1: An early NPG holder that was used to keep the NPG from cracking between the two glass
cuvettes with sidearms.
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40.0000
5.0000
22.0000
34.0000
not to exceed 12.5
critical
12.0000
10.0000
Top
Bottom
Side-view cross-section
Top-view cross-section
Cuvette with Side-Arm
Material: Quartz
All dimensions in mm
12 x 12 x 40 rectangular tube glass with 10 x 10 internal dimensions,
closed on one end
Quartz joint O-ring side arm (dimensions of LG-1021-100)
10 x 10 dimensions must not deviate
External dimensions of 12 x 12 piece must not exceed 12.5 mm
Figure C.2: Glass cuvettes were used prior to the custom PTFE or PTCFE cuvettes. These required external
coupling to the fiber optics.
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Top
Back
Front
Bottom
Side (x2)
Daniel McCurry
Bailey Research Group
Cuvette Lens Adapter
Edited: 04/16/2012
Material: Aluminum, anodize
All dimensions in mm
Top
Back
Front
Bottom
Side (x2)
1
2
.7
0
0
0
3
1
.7
5
0
0
19.0500
12.7000
3
.1
7
5
0
1
2
.5
0
0
0
2
2
.2
2
5
0
2
5
.4
0
0
0
1
9
.0
5
0
0
1
2
.7
0
0
0
3
1
.7
5
0
0
R
9
.5
2
5
0
Ø
2
.0
0
0
0
Side Holes drilled
Tap 0.250-36 UNC-2A thread
59° down to 2 mm hole into center opening
Drill and tap for 4-40 screw
9.5250
12.7000
25.4000
28.5750
38.1000
3
.1
7
5
0
1
2
.5
0
0
0
2
2
.2
2
5
0
2
5
.4
0
0
0
9.5250
28.5750
38.1000
1
1
8
°
Figure C.3: This was used to align the fiber optics when using the glass cuvette assembly.
2x Ø5.41
-28 UNF
2 mm diameter thru
3.5281
15.8750
28.2219
31.7500
3
.5
2
8
1
1
5
.8
7
5
0
2
8
.2
2
1
9
3
1
.7
5
0
0
5
.0
0
0
0
1
0
.0
0
0
0
4x 0.125" diameter thru
0.25" diameter thru
011 O-ring groove around edge, both sides
5.0000
10.0000
Daniel McCurry
Bailey Research Group
Membrane Holder Flow Cell
Edited: 09/21/2012
Material: Acrylic
All dimensions in mm except where noted
Internal channels, 2 mm diameter
3.5281
28.2219
31.7500
3
.5
2
8
1
2
8
.2
2
1
9
3
1
.7
5
0
0
5
.0
0
0
0
4x 0.125" diameter thru
5.0000
Daniel McCurry
Bailey Research Group
Membrane Holder Flow Cell Backing
Edited: 09/21/2012
Material: Acrylic
All dimensions in mm except where noted
Figure C.4: The membrane holder could instead be fixed to a flow chamber to circulate and collect translo-
cating analyte.
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Daniel McCurry
Bailey Research Group
Flow Cell
Edited: 08/27/2012
Material: Acrylic
All dimensions in mm
Internal channels, 2 mm diameter, spacing critical
2x Ø5.41
-28 UNF
2 mm diameter thru
2x 0.250-36 UNC 2A
2 mm thru
4
5
°
2x 6.35 mm diameter thru
location not critical, need to be spaced 1" apart
1
9
.0
0
0
0 7
.9
4
5
1
2
8
.0
0
0
0
3
8
.0
0
0
0
8.4611
9.5250
19.7750
19.3000
29.3000
20.9014
3
0
.0
5
4
9
135°
1
9
.0
0
0
0
2
8
.0
0
0
0
7.3704
14.1421
Figure C.5: When attached to a peristaltic pump, this would circulate solution through a channel for real-
time UV-visible analysis.
13/64" hole
drilled thru X4
1 mm hole
drilled to center
of 8 mm hole
8 mm hole
drilled 6 mm
deep
Drill bit angle
10.0000
20.0000
5.0000
14.0000
23.0000
28.0000
14.0000
5.0000
5.0000
23.0000
7.5000
10.0000
14.0000
Screw-together holder
Daniel McCurry
Bailey Group
All dimensions in mm unless noted
Material: Teflon
Quantity: 2
Modified: 1/12/2013
Extra Materials: McMaster catalog # 95519A673 - Zinc-Plated Steel Light Duty Binding Post 1-1/2" Barrel Length, 8-32 Thread Size
Figure C.6: Conductivity measurements were performed with the NPG sandwiched between two PTFE
reservoirs.
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13/64" hole
drilled thru X4
1 mm hole
001-1/2 Fluid Seal O-ring
1.42 mm ID
1.52 mm Cross-Section
10 mm hole
drilled 47 mm
deep
0.7874
0.1969
0.5512
0.9055
1.1024
0.5512
0.1969
1.6535
1.9685
0.5512
Screw-together Kel-F Cuvette with Lenses
Daniel McCurry
Bailey Group
All dimensions in inches unless noted
Material: Kel-F
Quantity: 1
Modified: 4/10/2014
1.7717
0.1969
0.9055
1.8504
0.5118
13/64" hole
drilled thru X4
1 mm hole
001-1/2 Fluid Seal O-ring
1.42 mm ID
1.52 mm Cross-Section
10 mm hole
drilled 47 mm
deep
20.0000
5.0000
23.0000
28.0000
14.0000
5.0000
42.0000
50.0000
14.0000
Screw-together Kel-F Cuvette with Lenses
Daniel McCurry
Bailey Group
All dimensions in mm unless noted
Material: Kel-F
Quantity: 1
Modified: 4/10/2014
45.0000
5.0000
23.0000
37.0000
14.0000
47.0000
3x 0.250-36 UNC 2A
14.0000
13.0000
Figure C.7: Real-time absorbance measurements were taken via a fiber-optically coupled, custom reservoir
assembly.
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0.250-36 UNC-2A thread
Material: black delrin
0.1280
thru-hole
Units in inches
Qty=2 each
Chamfer angle 45 deg
Chamfer distance 0.03"
0.250-36 UNC-2A thread
thru-hole Chamfer angle 45 deg
Chamfer distance 0.03"
0.1280
SMA 905 connectors
Mill screwdriver slot on this face
0.5500
0.5200
0.4287
0.4587
Figure C.8: SMA 905 connectors used to couple fiber optics to custom cuvettes. The chamfer on one end
sealed against a glass ball lens used to collimate the light.
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Figure C.9: Photomasks designed for microfluidic devices containing NPG. The NPG would sit within the
large channel areas and the two PDMS halves would be aligned using the + alignment marks.
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Figure C.10: Photomasks designed for single channel microfluidic devices containing NPG. The NPG would
sit in between two PDMS halves and the single channels would be aligned perpendicular to each other.
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